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INVESTIGATIONS OP PRIMARY AND SDCONDARY IMPACT STRUCTURES 
ON THE MOON AND LABORATORY EXPERIMENTS TO STUDY 
THE EJECTA OF SECONDARY PARTICLES 


Beate K8nig 


I. INTRODUCTION 


/I s 


For billions of years, the surfaces of the planets and 
their moons have been exposed to constant bombardment by meteorites, 
comets and interplanetary dust. If their impact velocities are 
great enough, these bodies produce characteristic impact craters 
whose size distributions represent a measure of the size and 
velocity distributions of the impacting particles, especially for 
heavenly bodies without any significant atmosphere. 

The craters on the Moon have been investigated very 
Intensively in the last ten years. It is no longer argu[edi — even 
Gilbert guessed this in 1893 — that most lunar craters are impact 
structures (Opic, 1936; Baldwin, 1949 and 1963; Urey, 1952; 

Kuiper, 1954). The Ranger, Surveyor, Luna and Lunar Orbiter 
Missions made possible the examination of impact structures up 
to the meter range. Due to the Apollo missions, impact craters 
down to the ym range were finally discovered and 'examined and 
absolute dating was begun on a large number of rock samples (see 
for example Turner, 1971; Eberhardt, et al., 1973; Stettler, 
et al., 1973; Albee, et al., 1974; Jessberger, et al., 1974; 

Kirsten and Horn, 1974; Tera, et al., 1974). 

By connecting such radiometric dating with crater frequency 

distribution we are now in the position to determine the absolute 
— - — — — — — ^ ' 

Numbers Th margin 'Indicate pagination in original foreign text. 
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age. .of lunar regions (Baldwin, 1971; Block, et al . 19-7-2-; 

Hartmann, 1972.; Soderblom and Lebofsky, 1 972; ; Neukum, et al., 

1975a). It is not only possible to establish an absolute chronology 
for the development of the lunar surface, but one can make state- 
ments about the time course of the flux of meteorites in space 
near the Earth. 

With increasing precision of investigations of lu nra'r; 
crater populations and formations, the influence, on impact craters 
of the structure produced by ejecta, in particular of secondary 
craters, has been recognized (Shoemaker, 1965; Lucchitta, 1975; 
Neukum, et al.., 1975b; Oberback, et al'. , 1975)* Secondary 
craters are very difficult to distinguish from primary impact 
craters if they cannot be recognized on the basis of morphologic 
criteria (Elliptical shape, appearance in clusters) (Oberbeck 
and Morrison, 1973)- Many publ icat ions begin from the crater 
size distributions which contain a generally unknown percentage of 
secondary craters. The study of size distribution of secondary 
craters thus makes possible a quantitative estimation of the 
contamination of the size distribution of primary craters by 
secondary craters. Besides these important problems for the 
preparation of a lunar flux chronology, investigations of secon- 
dary craters are of interest because they contribute to a better 
understanding of the crater formation process together with 
the study of artificially produced impact and explosion craters — 
(Shoemaker, I960; Gault and Heitowit, 1963; Gault., et al., 1963; 
Carlson and Roberts, 1963; Carlson and Jones, 1975; Schneider, 

1975; Moore, 197-6). 

The size distribution function of primary impact craters 
in the diameter range (0.3 km ^ D -■ 20 km) is well known (see 
Neukum, et al. , 1975b). In this work, the distribution curves 
will be determined in the small diameter range in order to be 
able to date young lunar structures. The study of secondary 
craters, in particular their size distribution and influence on 
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primary crater populations y was connected with this... To examine 
crater ejecta and their dynamics* secondary particles were pro- 
duced in laboratory experiments by Impacts of mm-sized projectiles. 
Their size* mass and' angular distribution was determined. Similar 
experiments were conducted by Gault* et al.* ( 19 63 )- Gault and 
-/He|itowit (1963) and Schneider (1975). Using these phenomenologi- 
cal studies we attempt to determine how much the ejecta processes 
show characteristic uniformities in the formation of very different 
sized craters, 

i 

II. THE SIZE DISTRIBUTION OF LUNAR PRIMARY IMPACT CRATERS IN THE / 3 

DIAMETER RANGE FROM 20 M to 20 KM 

Young lunar areas of ages - 3 x 10^ years (ejecta may cover 
larger more recent impact craters,) have only a limited surface area 
and the number of superimposed craters on these areas (with 
diameters in the kilometer range) is small. Craters in the 
diameter range of 100 meters and less are statistically significant. 
Therefore* for an examination of these young regions* the size 
distribution of primary impact craters on the Moon (for a diameter 
range 0.3 km - D - 20 km see* for example* Neukum, et al., 1975b) 
must be expanded to smaller diameters in the range of 0.3 km - D 
- 0.8 km andndet ermine d more precisely than before (see Neukum 

and Konig* 1976).- In order to prevent falsification of the dis- 
tribution by secondary crater contamination* diligent selection of 
the test areas is necessary. 

II. 1 Measurement methods and evaluation procedures 


a) Photographic material 


Photographs from the Lunar Orbiter 4 and 5 as well as those 
of Apollo mapping and panorama cameras which were obtained from 
.the Goddard Space Flight Center (Greenbelt, USA) were used for the 
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measurements... Their selection was performed with the. aid o.f the 
Guide to Lunar Grbiter Photographs (Hansen, 1970) and the Apollo 
15, 16 and 17 Lunar Photography Index Maps. The resolution of 
the photographs- used was 2-60 m for the Lunar Orbit er photographs 
depending on the altitude of the satellite (teleobjective; high 
resolution), or 17-40 m (wide angle objective; average resolution); 
for the Apollo mapping photographs, about. 27 m (Doyle, 1972) and 
for the Apollo panorama photographs about 2 m (Doyle, 1972). 

t . i 

J 

Transparent positives were prepared from the photographs. In 
the case of Lunar Orbiter photographs, we are jdealing with a seven-fold j 
enlargement. The Apollo photos were contact copies taken from 
the negative film rolls which were enlarged only in individual 
cases up to 2.5 times. 

b) Measurement principle and equipment 


The photographs selected for the measurements were first 
studied with a magnifying glass or a reflecting stereoscope. 

Finally, the measurement surfaces were established and the measure- 
ment area was delineated with polygon lines . 

Two pieces of equipment were used for the measurement, an 
(x,y) -coordinate measuring device (for greatly enlarged photo- 
graphs) and a stereo-comparator (type PSK2 of Zeiss Company), which 
was of -primary use. In both cases, the data were automatically 
entered on punched cards on performance of the measurement. In 
the monoscopic measurements, the crater diameter was usually 
measured in the East-West direction from its inner to its outer /4 
shadow range. This occurred with the (x,y) unit by applying an 
^0.1 mm thick stadia line. Only craters were evaluated whose 
diameters appeared greater than 2 mm on the measurement photographs . 
jThe - measurement error caused by the stadia line thickness is thus 
^ 15 % of the crater diameter. 

j 
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The- c-ra-ter diameters could he determined directly .when us.ing 
steroscopic photograph ’pairs, whereby the test mark was set 
at the highest points of the crater edge. If measurement was 
impeded by difficult terrain, angle of the Sun, or -other reasons 
(e.g., non-circular craters) or if monoscopic pictures were 
used, then the four points were measured along the crater cir- 
cumference (usually East-West, North-South). ’ A circle was formed 
in the course of .the evaluation by using these measurement points 
and an average crater diameter was calculated. The measurement 
precision was 5 ym on the measurement photographs; most were 
usually greater than 200 ym. The inaccuracy in the determination 
of crater diameter was j<5| or j< 2 . 5 % 

c) Data reduction 


The photographic direction for most pictures used deviated 
by less than 8.6 degrees from the vertical direction. Since the 
dispersion error in the length determination is much 'less than the 
empirical error, these photographs can be considered to be 
.vertical photographs. 1 At greater Inclined angles — in the case 
of panoramic photographs (angle of inclination; 12.5' degrees) — 
a correction of distortion was performed. 

The scales of the measurement photographs were calculated 
from the known data of the -camera photographs and 'the focal lengths 
of the camera lenses- as well as from the NASA-NSSDC catalog and 
the Apollo 15, 16 and 17 "Index of Mapping Camera and Panorama 
Camera Photographs"; moreover the local relief of the lunar 
surface was considered (altitude correction), for which the height 
profiles determined by laser measurements were included. For the 
lunar orbiter photographs which did have photographic errors 
and for the panorama photographs, additional lunar topographic 
and photomaps were used for calibration of the photograph scale; 
these are cited in the literature section. 
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The .surface area of the measurement region limited by the „ 
polygon was calculated manually in the evaluation by an (x,y)-unit. 
When using the stereocomparator , the calibration points were 
measured directly and the surface area was calculated automati- 
cally . 

The panorama photographs were only evaluated in the middle 

of the picture. The following corrections served for picture 

correction of the crater diameter; D (corrected) = D (measured) / 

, t '» 

cos , where Ju is the angle off the vertical of ‘the camera axis. 

In the calculation of the measurement surface, the picture 

distortions were considered accordingly. 

The measured crater diameters were arranged according to /5 

their size in 10 8 intervals between 1 m and 100 km. The intervals 
had about the same logarithmic width. Differential frequencies 
were determined for the intervals and integral crater frequencies 
were calculated from this, i.e., the number of craters having 
diameters greater than or equal to the lower interval -limit. The 
statistic error was used for -citing deviations, i.e, the square 
root of the integral frequency. These values were standardized 
to the surface area, expressed and- plotted. 

Computer programs were prepared so that the evaluation of 
the rather extensive measurements (with a few exceptions) could 
occur by the computer of the Institute. 

II. 2.. Areas examined 


a) Selection 


To determine the size distribution of the primary craters, 
measurements had to be performed on areas which had undisturbed 
primary crater populations. For their selection we used different 
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criteria (see Neukum, et al., 1975b; Neukum and Horn, 1976; 

Neukum and Konig, 1976). 

- The areas to be examined should be free of secondary 
craters if possible, i.e., larger jc raters must not be located in 
the vicinity of the stray fields. The best areas are those located 
on the lee side of larger rises, i.e., generally screened from 
ej ecta. 


i i 

- The craters should not be flooded with lava. 

- They should be flat since erosion is particularly • heavy on 
greatly inclined slopes. 

- Their crater populations should be located in the examined 
diameter range (i.e., every impact should not lead to the des- 
truction of already present craters). Otherwise the crater popu- 
lation is near equilibrium where the size distribution is 
generally independent of the size distribution of primary craters 

O 

and follows the law N a- d” (Trask, 1966; Gault, 1970; Neukum arid 
Diet zel, 1971). 

- They may not be located in volcanic regions to avoid mix- 
ing of endogenic craters (KSnig, 197*0- 

It proved to be extremely difficult to find regions which 
met all these criteria. The condition of minimal secondary - 
crater mixing restricted the selection of suitable surfaces very 
much; there are almost no larger areas where no secondary craters 
are contained in the crater diameter range under consideration 
(see Section IV 3)* As a consequence of the high crater densi- /6 

ties, older areas (t^ jkj 3-5 x 10^ years) are excluded in advance; 
on the one hand because they have a high percentage of secondary 
craters in proportion to the primary crater density, and because 


7 



their crater populations in the interesting regions D < 300 m 
does not exhibit a production but rather a saturation distribution 
(see Neukum, et ai;, 1975b). For areas having lower crater 
densities — -younger formations — the criteria are easier to 
meet. Here one can eliminate secondary craters provided they 
show those characteristics, i.e., formed in clusters or in 
V-shapes or in elipses (Oberbeck and Morrison, 1973'! Section IV 2). 
Unfortunately, the surface area of the suitable young regions 
is small. -Therefore, the size distribution of the crater can only 
be determined in a limited diameter range: restrictions to the 

smaller crater sizes resulted for example, from the texture of 
the measurement surface or the quality of the photographic 
material., whereas statistics sets a limit to the use of larger 
crater 'diameters. 

b) Measurement regions and results- 


The regions and the measured crater size distributions used 
for the determinations are discussed below. 

' One of the two Mare areas investigated lies in the Mare 
Imbrium in the West of the Delisle g rise (Figure la) . It is 
shielded against ejecta by the. craters Delisle and Diophantus. 
Other dispersion fields of younger craters are so far away that 
contamination of the measured craters by secondary craters is 
considered minimal. . A smaller flooding zone appears to cross 

i 

the entire -'surface but causes only a slight modification of the 
crater size distribution (Figure 2). The measurement therefore 
occurred in two steps: only the larter craters were measured 

over the entire region and the smaller craters were measured on 
a homogeneous subregion.. 

The second Mare region (Figure lb) lies at the Western edge 
of the Serenitatis basin to the southeast of the Sulpicius Gallus 
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crater. It is shielded against ej.ecta from a westerly direction 
by the edge of the basin. Possible sources of secondary craters 
which could influence the measurements are the craters Sulpieius 
Gallus, Menelaus and Bessel. For the following reasons these 
craters probably do not contribute significantly to the secondary 
craters on the measurement range: 

- The Apollo photographic material 'has shown that the dis- /7 
persion field of Sulpieius Gallus is flooded (Kdnig and Neukum, 
1977)* Therefore, this crater is older than the measurement 
region which lies nearby. 

~ As one can see from the ray system of the young 
Copernicus-like crater Menelaus (Carr, 1966), the measurement 
area does not lie in a main direction of ejecta. 

- The Bessel crater lies:" at a distance of 12 crater-radii 
from the measurement area. As detailed investigations by Neukum, 
et al., (1975b) show, at a distance of about 7 crater radii, the 
contribution of secondary craters ('having diameters of about 1 km) 
can be neglected. 

The validity of the assumptions is confirmed by the consistency 
shown by the distribution determined for diameter ranges from 
0.4 - 0.9 km compared to other craters. 

* 1 

The structures belonging to young craters are particularly 
suitable for studying the size distribution of impact craters 
since the crater populations superimposed on them are less 
exposed than older structures to the highly exogenic processes 
because of the low age of the target. For young regions like 
North Hay, Tycho and Aristarchus, the potential contamination 
of their, superimposed impact craters by secondary craters is 
minimal ^Hartmann, 1968), because there are no other larger young 
craters- i-n- thel-r ■vleind-t-y -whose secondary- -c-ra-t-ers could- -falsify the 
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Figure 1. Measurement region on the Mare plane. 


a) In the West: The Delisle 

crater in the Mare Imbrium 
(AS15-2333) 


b) Southeast of the Sulpicius 
Gallus crater in the Mare 
Serenitatis (AS17-807). 


distribution. The measurements at North Ray, Tycho and 
Aristarchus provide a series of size distributions which extend 
over a relatively large diameter range. These measurements will 
be discussed in connection with the dating of these craters in 
Chapter 3* 

In the Taurus Littrow valley at the.’.Apotto 17 landing site, 
crater diameters ‘in the range of 23 m ^ D ^ 110 m were measured 
■on the younger structures of the light mantle and the central 
cluster region. The relationship of these regions with the 

< i 

Tycho crater- is 1 discussed in Section III 2b. The measured dis- 
tribution is not completely undisturbed in the D < 50 meter range 
(erosion, intermingling, of secondary craters), however. It does 
make possible the adaptation of North Ray data for 20 m - D ^ 40 m 

Another region which was used for expanding the distribution 
curve* lies-'on the continuous ejecta cover of the Theophllus crater 
Here we referred back to keasurements which had already been pub- 

I 

! lished (Neukum ' and Konig, 1976) •_ In this respect the .good / < 
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Figure 2, Integral' size distributions which were used 'to rede- 
termine the crater size distribution function. 

+ 

i 

correlation - of empirical distributions in the inner and on the 

continuous ejecta blanket of the crater was shown; consequently, 

no significant contamination by (dispersion fields of other 

£ 

large - craters occurred. Thfe datia extend over the Idiam eter 
range of 0.7 km ^ 2 km and connect with the Serenitatis 
-measurements- -o-f Neukum, et al. (|l975b). A series" of~crater~' — “ 
size distributions were taken fr,om Neukum, et al. (1975b). Thesej 2 
measurements were performed in the inner ring of th e Me ndeleev | 1 


5 

1| 
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•' 1 -c-rat e r* r -on- the- inner ring region of the orignetal-b a-s-in • -an d- -at - - — =1 /£ 

- j the Apollo 15 landing site. The' data of Greeley and Gault (1970) 

1 ' ! 

d 'were not used in this study. ! I 

n ! _ | I 

5 [ All measured distributions are summarized in Table 2 and they 

: form the basis of the expanded size distribution curves. j 

i 

' i 

I c) Standardization of measured distributions > 

, + + I 

The results obtained show that the crater size distribution ; 

can be determined for the various regions only in a limited diameter 
[range. Therefore , it is necessary to determine the total distri-j 
, button by suitable standardization or' correlation .of -the individual 


distributions . 


- f 

The integral crater size distribution can be described by \ 

to O 

"] N ( D , t . ) = f f g(D’,t) £(z) dD’ de 

i J J •! 

1 D 

t 

: _ ... J 

where |gj is the size and time depen- j 


; dence of the size distribution, f(t) is the general time dependence 
I of the impact rate, N is the integral crater frequency for a 
; diameter D and t^ is the time of crater accumulation (see also t 
Neukum, et al., 1975b). If the crater size distribution Is inde- 

I 

, pendent of time, the simplified expression j 

t 7 ! 

J tN(D,t i ) =J g(D') dD' ■P{t i >, j 

j -F(t L ) = j f(t) dr ~ ~ ! 

j where h _ fc i _ results for the time integral of the flux. t 

For two crater populations, N-^ and N^, having ages t^ and t 2 _ 'we 

have: ^lu,t^T/a(D,t 2 ) = F(t n ) / f ( t 2 ~) = c, • This constant is not j 

f dependent on crater size but only on age. Therefore, one can \ t; 

; standardize the crater frequencies of dif ferjentlyf aged regions to [ 

. ? 

<each otheiu ifL.-=- as will be described below — the -crater- s-i-ze.— : 

J ~ ~ 

, distribution is constant 'in time for the considered diameter j - 

; f 

1 range. i } '< 
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j The standardization of crater size distributi on is done 

i stepwise from regions of larger crater diameter to smaller ' 

diameters. Here the Mare Serenitatis (Light Interior) population' 

serves as an initial distribution. The already standardized j 

distribution of Mendeleev, Orientate, the Montes Appenninus and i 

| the Apollo 15 landing site were taken from Neukum,‘et al. ('1975b) l 

| Correlation of the distributions was performed in the region with; 

| the best statistics and best overlapping. The Theophilus and the! 

new Serenitatis measurements improved the statistics and' plotting 
i • r t. 

; of the curve 'in -the region between 0.4 km and 2 km which was . 

covered only by the Apollo 15 landing’ site and the old Serenitatis /K 

i j i 

'data. The Imbrium distribution could be easily adapted to this, , 
likewise for the connecting Aristarchus measurements which extended 
up to 90 m. The Tycho measurements between 60 m and 350 m and > 
the data obtained in the Taurus Littrow valley between- 25 m and ! 

,100 m were standardized. - Subsequent correlation of the North j 

, • i 

fRay data (20 m - 40 m) occurred without any difficulties. j 



t In Figure 3 we see the empirical curves standardized on 

t 

■the Mare Serenitatis crater frequency. The investigated crater ! 
■populations fall within the statistics of a general size distribu T 
tion. i 

i 

1 * 1 

j d>,7 Numerical approximation of distribution J 

j ’ ! 

| The known integral size distribution of the prater makes it ! 

.[possible to compare the measurements with - each ot'her over different 
| diameter ranges. Here it is useful to relate comparisons to the 

[same reference value. In the course of this work we selected I 

* * 

iD.= 1 km as a reference value. In order to obtain sufficiently J 
i * i 1 

.precise results for this procedure, a numerical expression was j 

■j t ^ - 

(prepared for the distribution curve. It was adapted to a 7th 
'' 'degree"* polynomial by the standardized integral frequencies which | 
is shown in Figure 3. It has the general form 


l 
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I 


I 

1 

'} I 


'log N = a + 
o 


log D + {log D) 


+ a_ (log D) 


Its coefficients are'7 


a O 

= 

- 2.4T9 

a l 

= 

- 3 . 852 j 

a 2 

= 

0.741 

a 3 

= 

0.926 1 

a 4 

= 

- 0.254| 

a 5 

= 

- 0.3491 

[ 

a 6 

- 

0.036 j, 

a 7 

= 

0.046 


f 




I 


1 


i 

l 

* 


The formula provides the integral crater frequencies per ; 

j km j if one gives the diameter D In km. ! 

I i 

1 ! i 

— — The coefficients are valid.--.for. the range 20 m ^ D & 20 km : 

j ♦ 

I but not for ranges greater than this. The determined' size dis- 

1 

jtribution curves represent the general distribution of lunar 
. impact craters on regions with ages between 50 million years 

! Q 

; and more than 4 x 10 7 years. On -the average the quality of the 
'approximation in the diameter range 20 in ^ D ^20 km is about i 
| 60$ (standard deviation). The size distribution curve between 

(0.8 km ^ D - 3 km is the best; it has an uncertainty of <25$. 

) 

Because of the neeessary successive standardisation process for 
smaller crater diameters, the position of frequencies for D £ 100 ,m 
relative to D = 1 .km is only determined to within ±50$. The com-! 
parison of diameter -ranges of crater frequencies of smaller 
craters determined in similar diameter ranges results in smaller 
k errors. ' ! * 


■■ I . ! •* 

y, ■ — -The kld-st-r i-but ion function agrees with the percentage' function \ 
j | cited by Neukum, et al . , (1975b). in the diameter range D > 300 m j 
i. l to within 20$ . * ' j. 
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a Light Mantle and Control 
Cluster region (A l?L£) 

© Arislorchus (cont ej blanket) 
o More Seremlolis (Sulpicius 
Gallus region) 
a Mare region west of Oelisle 
■ Theophilus (com ej blanket) 



Neukum et al (1975) 
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t? Montes Apenninus (region 15/413) 
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o Mendeleev (floor) 
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Figure 3* Integral size distributions of all crater populations 
investigated, standardized on the frequency of the Mare Serenitatis. 
•The curve pas'sing through the data represents a polynomial approxi- 
mation. 
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■ — . — ~In._OKderujfco get a general mathematical expre salon. .ford he... . . /1 2 

'integral distribution curve for a certain region, a term must be : 
added to the polynomial formula which considers the age t. of the \ 
j region. flogN =f a 0 + a -i i°9 d + + a ? (log p) 7 *-;- log Fit. ) s phere FCt^ 

[ is the time integral of the meteorite flux to which the area has been] 


''exposed since its creation. 

. the Serenitatis distribution, 
,1. 


For. the numerical approximation of 
F (‘t ^ ) was arbitrarily set equal] to 


i 

t 

i 


i 


t 

.r i. - j 

f i i ! 

| e) Discussion j 

| ' 1 
! . The crater diameter distributions in the range 0.8 i Ei i 10 km 

| which were measured for 3-4 billion year old regions agree with 

each other (Neukum, et al., l‘975b)'. This work showed that the ' 

i ' 

distributions in the range 20 i ^ D ^ 2 km on (,0‘'.i-3) billion < 

1 t 

! year old regions . likewise agree with each other and that the I 

! I 

j total data can be combined to a total distribution. Even the j 

: facts that this is easily possible, i.e.,'that by successive i 

i 

standardizations of individual distributions to each other, a 
j smooth, functional c u^rve] results and they indicate that the 
! crater size distribution was not subjected to any significant I 
variations. The above also governs the size and velocity distri-, 

! butions of the crater-producing bodies. 


* No information has yet been obtained for the size distribu- | 

j tion of craters' ,D < 300 m on old regions (t. >3*5 (billion years), j 
: • * i f 

; since in these cases saturation effects (i.e., the destruction ofj 

j original craters by subsequent " ones ) do not permit any meaningful; 

(measurement.' In the region of large craters, the statistics I 

! represent the limiting factor. This is jesijpecially true for J 

! young regions (i.e., regions of low crater density). In these ! 

1 4 

regions, therefore, temporal variations in the crater_ size_distrij- 

sibility. 1 

i i 


! bution “cannot be excluded as a pe 
1 ! 


Li 6 



j“ ”” “The 'size ^SisTJrib' uiTion 'curve, " oT"TH e^'llmar "imp act “crafers " = * 

; reflects the mass/veloeity distribution of the impacting bodies. 

1 It is therefore possible to draw . conclusions about the origin of ; 

( the impacting bodies from a comparison of size distributions of j 

the impact crat^'r's“wi'th’'"t'ho's'e'’"'o'f v ’p‘re’s"en't™a'st'e’r r o'i"'d''' "'groups as well j 

as from considerations of the flux of the impact bodies (Neukum, j 

et al . j 1975a; Wetherill, 1976)* The resulting conclusions make j 
■ i 

j it possible to .provide a flux curve of these particles in ; 

; connection with the investigations of the flux of interplanetary : 

bodies In recent times (see Section III 3b). 1 > 

I ' » 

I 

j . The distribution curve is derived from measurements on 
; homogeneous areas .and represents j the standard size distribution j 
'of non-disturbed crater populations. Therefore, the deviation of, ■/! 3 
'a major distribution from the standard means that the region i 

j concerned has experienced a disturbing process, like, for example! 

; ejecta coverings, floods, erosions, etc., -in favorable cases the | 

! 'Original age of the surface and , 't‘h"e’‘time of its modification /canj - j 

» T 

, be obtained in addition to the general distribution curve (see , 

! Neukum, et f 1975a). ! 

i | 

! The selection of regions occurs from the point of view that 

‘ the crater population must be as free as possible from secondary ; 

; craters. Nevertheless, a cont amination can have occurred due to , 

' statistically distributed secondary craters which are not dis- | 
i tinguishable from primary craters. But since secondary-crater t 
1 sources are almbst completely lacking for the youngest regions 
j investigated (North Ray, Tycho, Aristarchus) and thec-eorre spending 
■measurement distributions agree with the age of the older objects! 

' (.see Section II 2b), one can conclude that the measured size ! 

| distributions are actually free from secondary effects. The j 

‘distribution functions can be represented as.^D 0 ^ 0 ^ ? where j M 

j^the" exponent Is’ a function of the crater diameter 'Dk “ This" r ~~ j 

j expression differs from the special relations used in the older ; 

* .1 it.er.atxir_e__.wh.er_.e_, _a.._i s. ...a s.s.ume.d. .±_o. « b„e. .a. ..c_onst.ant._(.Sh.o.emake.ro t .. 1.9.ZQk. ' “ 

t 
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i I Baldwin . 1971: H artmann and Wood,, 1971-) . Formulas hav ing c on- J 

„ slant •'■exponents are therefore not valid over the entire diameter : 
grange and their' use can lead to errors of up to a factor of 10 ■ 

4 j(Neukum, et al., 1975b). This fact is illustrated in Figure" 0 4. j 



c; ^Figure 4. Comparison of the derived crater size distribution 
•function with distributions cited! ’in the literature. They have 
- ! jbeen suitably standardized and entered in the regions of their 
j -cited, validity-..-... 
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i LIU DATIN.G—OF YOUNGER IMPACT STRUCTURES ©N THE MOON. ' 

\ 

I 

** j The size distributions determined In the preceding chapter ! /14 

d j make it possible to prep are a relativ e chronology of recent large 
: j impact craters (see Neukum and Konig, 1976). This is of particular 
1 interest since it is possible in; many cases to move from a 
relative to an absolute determination of age by using additional 
{data about the radiometric age of younger impact craters. On the* 

. ; basis of this information, conclusions can be dr^awn about the flux 

i of impacting bodies and its chronology. J 

j ! 

i i 

» ) 

; III.l Impact craters 

i 

( 

t 

1 In the following, investigations are discussed which were 

‘performed on the structures of the craters Copernicus, Kepler, • 

J Aristarchus and Tycho. In order , to restrict the discussions of 
the^ measurements to the various type terrains, first using 
Aristarchus as an’ example, we 'briefly discuss the general structure 
| of one such crater, , /15 

i l 

i • 

i Figure 5 shows a photo mosaic of the Aristarchus crater 

, (D = 40 km) and its surroundings! The interior walls of the 

» ", f 

) crater have step-like terraces and in 'its middle there rises a ! 

, i 

i central mountain characteristic for craters having diameters of ■ 

the size - of about 15 km. The crater base itself is flat and } 

covered with a layer of broken rocks (particles which fell back \ 
‘into the crater). On the basis of detailed investigations (Guest l f 
j 1973 ) it follows that this region was created almost simultaneously 
| with the other crater structures. The outside crater wall is 
j somewhat- covered with flow structures consisting of rubble. 1 _ 

. j The zone of continuous ejecta cover connects with this region. This 

' t i ' 

. ■ zone -extends from the crater edge out to a distance^, of about .1 . ! . 

' l - -■ 

crater radius. This is a layer of fragmented material.- It was 
formed primarily by ejecta and by - the addition of local material 


J 
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Figure 5. Aristarchus crater and surrounding area (Mosaic 
from the LO V 198 M and 202 .M-phot o graphs ) . The test regions on 
the continuous ejecta cover and in the crater interior are 
illustrated. 

(Oberbeck, et al., 1975). The discontinuous ejecta region 
connects to this zone; the ejecta cover is thin or no longer 
cohesive here and individual secondary craters can be distinguished. 
Chains of eliptical'ly-shaped secondary craters are situated 
radially to the Aristarchus crater which were caused by the 
impact of ejected materials (e.g., Guest, 1975).- These craters 
often show typical [v-sj haped structures whose peaks point to the 
primary crater (.see also Figure 29b). ' The original mechanism of 
these structures was studied 'in detail by Oberbeck and Morrison 
•(19-73)-. In- addition to these chains there are individual clusters 
of secondary craters. They were created by the impact of groups 
of ejected material.. 



i i The investigations described below were perfo rmed, on _ tKe se_ .... 

■ different type terrains of the craters Copernicus, Kepler, Aris- 

i 

/, 'tarcbus and Tycho. Additional measurements were performed on 
aj j the ejecta covers of North Ray . • > As far as possible, measurements 
- iwere performed on subdivided surfaces as long as the statistics 
| made this seem useful, and if possible measurements were per- 
| formed on different regions on one and the same type of terrain 
tin order to exclude local effects which would jeopardize the 
j measurements,, likeafor example, erosion or contamination from 
j secondary craters. I 




a) Copernicus 


: One of the best-known craters on the front side of the Moon , 

■is Copernicus . (D = 92 km), whose bright ray system can be j 

: easily seen with a telescope. The test regions lay in the i 

■ l f 

[inside of the crater (Figure' 6) along the continuous ejecta cover f 
j (Figure 7) and on the discontinuous ejecta blanket '(Figure 8) . ‘ 

tThe base of the crater and the continuous ejecta cover are 

i 

; standard regions, so to speak, for the dating of large craters 
by means of frequencids-sof the craters superimposed on them. t 

.The measurements along the discontinuous ejecta cover were per- j 
i formed in order to check the possibility of dating this type of 
’.terrain. * 

! I 

! ' i 

1 

| The crater ihase of Copernicus has a coarse t.exture. However 
i there are a sufficient number of smaller craters for measurements ; 
|to be performed in this region’with sufficient statistics. The 
[area of the dentral mountains was not included in the measurement j 
_ isurface and a cluster of secondary craters in the Northeast of j 

i I 

;the crater base was excluded from the measurements. The size j 

j distribution of the measured crater is shown in Figure 9.__ _ , 


I 


j 
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Figure 6. Measurement surface 
(without the area of the cen- 
tral mountain) in the interior 
of the Copernicus crater. 



Figure 7- Measurement region 
on the continuous ejecta cover 
of the Copernicus crater. 


Measurements on the continuous ejecta cover in the W est of 
the crater were problematic since secondary crater contamination 
occurs there. This is attributable to the younger craters 
Kepler and Aristarchus, but also possibly* to the Copernicus ejecta 
itself.. Therefore, as a test area we selected a surface in the 
East of Copernicus which is screened by the crater wall against 
flying ejecta at low angles from a westerly direction. As 
Figure 9 shows, -a’ good correlation of test result-s was obtained 
with the data from the crater interior. 


By using two consistent empirical curves, it was po s/sib le 
to stress the investigation of the discontinuous ejecta cover. 
Since the size of the ejecta cover decreases with increasing dis- 
tance. from the crater, a complete covering of the- pre- Go pern-l- 
ean terrain by ejecta must be considered. This region contains 
a number of secondary crater groups in addition to secondary 



i c rate r ch ains (see Chapter IV). In order to he a ble to. p erform..., 
j | measurements of the primary post-Copernican crater frequencies on- 
\ ; this rregion, a thorough view of: the terrain under question is 


necessary. 


It was determined here that the craters had been 


eroded more heavilyvon the discontinuous ejecta cover than on 

the continuous ejecta blanket in the crater interior. This is i 

probably based on loose target material. In order to make quanti- 

♦ 

tative measurements and to avoid possible secondary craters of 

i 

Copernicus, the, investigations were limited to crater diameters ; 

. i ' . f \ 

> 450 m. The results agree with the data which were obtained 

from other regions (see Figure 9i>. By using great care, the dis-< 

continuous ejecta cover can be applied to the dating of a crater. j 
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, . The crater size distributions measured on the different re- 

r , ! 

. • gions of the Copernicus crater are shown in Figure 9. The general 
.j distribution curve was drawn 'through it , under consideration of > 
the reliability of the data. * * 


: /i8 


For D = 1 km there results an "integral crater frequency 
of (1.0+0. 3) x'10“ 3 km“ 2 . 


In Figure 10 the empirical data of Hartmann (1968) and of 

| * » 

; Greeley and Gault (1971) are entered for 'comparison to the distri-f 
jbution curves obtained from our own empirical data. The data agree 
I well in the region of greater crater diameters, only a measurement 
■by Hartmann, which probably included secondary orj- pre-Copernican . 

J « 1 

Icraters, deviates from this. 

! } 

* j 

The integral distributions determined by Greeley and Gault for 
smaller crater diameters follow the slope -2, deviating from the j 5 

general curve . These crater populations already appear to be at 1 j 

( i 

i equilibrium - * 
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i Figure 8. Test regions on the discontinuous ejecta cover of 
t Copernicus (photo mosaic from LO V 142 143 M and 144 M) . 





{Figure 9 . • Crater size distributions measured on the structures j 
;Of Copernicus- The general size distribution curve is drawn 
through the measured points. 


i A telescopically observed ray of bright ejecta material from | 
■the Copernicus crater extends as far as the Apollo 12 landing 1 

jSite. Shoemaker,, et al., (1970) interprets the bright, fine- ; 

| grained material found under the ’surface as ray material. Samples 
{taken there were examined by various methods (U-Th-Pb, 39 Ar/ if 0 Ar, 
j K/Ar ) (Silver, 1971; Eberhardt', et al., 1973; Alexander, et al., 
{ 1976 ) and a great heating millions of years ago ( 850 ± 100 ) was 


determined. t 0n the! basis of this jdating. Copernicus was assigned 


,a radiometric age of 850 ± 100 million years . 


3 


25 


t 




~'ET"KepTer~ 


The dating method used in this work has not been previously 1 
applied to the Kepler impact crater (D = 32 km) which exhibits a j 
striking r ay" sys tem. Until now it has been investigated only by j 
morphologic- s t rat ©graphic methods (see Section 3a) and classed j 
as a recent crater. Kepler was dated because the age of the pri-j 
mary crater should be known for the study of the state of erosionj 
or of the morphology of secondary crater structures (see Chapter j 
IV). - 


j . 

r 


The pictures available for the measurement (Figure 11) were 

of only average quality so that the investigations proved to be 

difficult. The only region measured was the ejecta cover, 

which was measured at four individual surfaces in order to be 

able to determine possible, locally-caused deviations in the 

measured crater frequencies.. The superimposed craters were 

barely discernable and thus the diameter could not be determined 

precisely. Consequently, there resulted a data dispersion in ) 

the four regions which, however, was small enough so that three 1 

craters in the Northeast were excluded. These were already noted' 1 

during the .measurements as not definitely belonging to the crater i 

population examined (pre-Kepler or secondary). The summarized 

measurements are entered in -Figure 12 and produce an integral 

crater frequency of (7.5 ±2.5) x 10 knT . Thus Kepler is clearly 

older than Aristarchus. Its secondary craters appear fresher S 

than those of Copernicus (see Chapter IV) and thus one could con-- 

r t 1 

elude with relative certainty that Kepler and Copernicus are of j 

a similar age. 

i ! 

! 

c) Aristarchus ' 
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In the interior of the Aristarchus crater (D = 40 km) 




measurements were taken using average and high-resolution photo- • 
graphs (Figures- 5 and 13). Since the crater floor is very uneven 1 , 

f 

'onTy—erat'ers having-'dramet'ers 1 ^ TAO’-irr ~co uTd"~b'e“q uant'it at'iveTy - 


L, 
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’Figure 10. Measurements on structures of the Copernicus crater, j 
Comparison of results of this work (solid line) with results of ; 
otherr authors, r ■ 

; ■ 

t i 

recognized and measured. Consequently the resulting statistics i 
are not very satisfactory. , ; 

| ! 

j A much greater number of craters of diameters of between 

i ” 1 i 

7 -®- m. and-. 50 0~im were measured on different regions '■of" the* ’continuous 
ejecta cover (Figures 5 and 14 a,b). Within the statistical un- J 
.certainties the data obtained in the crater interiors and on the j 
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' ejecta cover agrees well with that obtained from o ther_cr.at.ers.. 

• t l 


This can be seen in Figure 15- The general crater size 
distribution curve was drawn through the measured crater size 
distributions and there resulted for D = 1 kilometer an integral 
frequency of (1.2 ±0.2) x 10 _i| km -2 . 


f 
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Figure 13. Measurement area in the Interior of the Aristarchus 
crater (photomosaic from LO V 198 H2 and 199 H2). 
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b) LO V 201H2 • 


Figures 14a and b. Measurement regions on the continuous ejecta i 
-cover of the Aristarchus crater.. 


( — - -j- n figure 1 6 the data of Hartmann (1968) and Greeley and 
Gault (1971) are entered for comparison. The results of Greeley y 2 3 
! and Gault agree with those of this work in the region of small 
I crater diameter. For larger diameters, the crater frequencies 
are superelavated; possibly these authors also measured pre- 
Aristarchus or secondary craters. The points measured by Hart- 
mann for larger crater diameters bend down at smaller diameters . 

■ This bending down of crater size distribution is probably attri- ; 

ibutable to the -fact that small craters can no longer be quant it a- ; 
i < , 

tively recognized because of roughness of the crater base. 

i 

i 

i d) Tycho 

f 

, ! The crater Tycho (D = 85 km) is younger than Aristarchus as j 1 

'morphologic investigations * radar studies and thermal anomalies 
. Ishow^Ce.g,.-, -Hartman, 1968; Pettengill and Thompson,- - 1-96 8 *- -Allen, 
J 197 I). There are only a few larger craters in the interior. Since: 
j I the bottom is very uneven, the measurements there ^Figure 17) were - 
limited" to a few creators (see Figure 20). 

I 
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Figure 15. Crater size distributions measured in the interior 
and on the continuous ejecta cover of the Aristarchus crater. 

The general crater size distribution curve is drawn through the 
measurement data. 
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Figure 16. Measurements on structures of the Aristarchus crater 
Comparison of the results of this work (solid curve) with the 
results of other authors. 
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Figure 17 . Measurement regions in 
tinuous ejecta cover of the crater 
125 M and 128 M) . 


the interior and on the con- 
Tycho (photomosaic from LO V 
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[ A seri es of measurements wajs performed on t he co ntinuous 

, ejecta cover. On the one hand, a sufficient number of craters 

i had to be measured, yet on the other hand, the regions had to be 
! 1 1 
, as homogeneous as possible. Therefore, measurements could not j 

1 _ j 

j be performed on the” flow structures which originated from rubble / 24 

, streams (Strom and Fielder, 1968!). The test regions selected 

4 i 

| according to these - criteria are shown in Figures 17 » 18a and b. 

In order to determine crater frequencies as precisely as possible!, 

| numerous shaded^ zones ' distinguished by a coarse ^relief from the j 
; overall surface were used. j j 

j i I 

; An additional measurement was performed (Figure 19) on the 

. discontinuous ejecta cover which! (in spite of a large statistical 1 

1 error) nevertheless agreed with the crater size distribution de- j 

! termined for the continuous ejecita cover, 'just as does the data 
1 . * i 

from the crater Interior. This is shown in Figure 20. There, ' 

' , ! 

f the distribution measured on the! structures of Tycho can be seen s 

I _ ^ ^ , -r ^ 

(where D = 1 Kilometer, an integral crater frequency of 
i (6.,0±1.7) x 10 D Km” results. Overall the crater size distri- 1 

T 

, bution could be measured ever the diameter range of more than 
, one order of magnitude. j 

; In Figure 21 the empirical data of Strom and Fielder (1968) ; 

and Hartmann 0-968) are entered. For comparison, the distribution 
curve which was derived from the empirical distributions determined 

1 t 

; in this work (see Figure 20) ‘is entered. Although the data of ! 

j - 1 - j 

j Strom and Fielder shows good correlation with our own measurements, 
j the measurements of Hartmann deviate; this author probably also j 
[measured pre-Tycho or - secondary craters. \ 

t 1 

1 * 

~e) North- Ray 

1 

_ _ _0 

North Ray (D^900 m) , which’ is shown in Figure 22, is a morej 

recent -crater which is in the vicinity of the Apollo 16 landing j 

5 j 

site-.- ■—l-t—wa-s--thus--da-ted— very- -p-rec-i-se-ly— an d-“pro-v-i-des“i-mpor t-ant--- 

(data for the determination of the chronology of the flux of 

34 
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j impact bodies in recent^time’s . '’'investigations' oF TOck laniples :> 

'taken from there showed radiation ages of % 49 million years 

I (Marti , et al., 19735 Drozd, et al., 1974). Superimposed craters 5 

were measured on the ejecta cover of North Ray. In Figure 23, 

_ 1 ___ _ __ _ 

the empirical data and", 'for “comparison, the data of Boyce (1976) 

are entered on crater size distributions determined from rectified 

! 

panorama photographs. .A correlation within the limits of error : 
(results. For D = 1' km the integral crater frequency' "is (*3.9 ±1.0) 

1 x 10” 5 km“ 2 . I /25 

l -U _i - — — 

- f , V i 

i | 

! : 

i ■ ; 
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'"'Figures l8a and b,._ Measured regions of the continuous ejecta cover 
of. the Tycho, .crater. - 

a) Photomosaic from LO V 128 HI and 128 H2. 

b) Photomosaic from LO V 128 HI. 
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Figure 19- Measurement region on the discontinuous ejecta 
cover of the crater Tycho (LO V 112 H2). 


’£ 

! ' 

i >- 
O 
Z 
(U 

z> 

o 

• UJ 

a. 

u. 


< 

01 

CJ 

ul 

> 

, <c 

1 _J 

3 
2 
! 3 


'.Figure 20. Crater size . distributions measured on the crater 
* * inte ri or.. on the continuous and discontinuo us, e .iecta blanket of 
Tycho , 
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CRATER DIAMETER (km) 

Figure 21. Measurements on 
structures of the crater Tycho. 
Comparison of the results of 
this work (solid curve) with the 
results of other authors. 



Figure 22. Test regions on the 
ejecta covers of the North Ray 
crater (P16-4558). 





-Figure 23- Crater size distri- 
bution measured on the ejecta 
cover of North Ray. The general 
crater size distribution curve is 
drawn through the data and the 
empirical values of Boyce (1976) 
are entered for comparison. 
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j-I-I-T-. — 2 — ■•Structures produced by ejecta 


/27 


It is interesting to assign the secondary structures formed I 
by ejecta to the corresponding primary cra ft ersj . This is the case! 
for example, for-the-- -li-ght-man-tTe- -and--the— een-t-ra-l--e-lust er regions 

* 

in the Taurus Littrow valley. Their relationship with Tycho is 
; discussed in Section b- ' > 


l A criteria which permits, the assignment of secondary crater i 

i j i i 

I groups to their (primary -crater is the finding that the often 

I typical V-shaped structures for secondary craters p o in ^~~to~t he] ; 

'primary craters (Oberbeck and Morrison, 1973). If the' clusters 1 

! 

;are a great distance away, identification of the primary crater. 

! is often not possible. Then, • morphological and erosion criteria , 

’can be considered (seeefor example, Arvidson, et al., 1976). Below 

we will illustrate a method which permits reliable assignment to j 

primary craters when used together with other criteria. In this,. 

j-weHoegin from the fact that the -regions of an impact crater and=J 

.Its secondary structures have been exposed equally long to the ! 

j bombardment of meteorites and thus the same number of craters ' 

! 1 , I 

' per surface unit have originated since their formation ( statist!- 1 

cally) . /28 


! 


The frequencies standardized for the surface of the primary 1 

craters with superimposed secondary structures should therefore 

. I 

approximately agree with the crater densities in the regions j 

,* , , 

of the impact crater. Thereupon, dating of a secondary structure i 

■ i 

by the frequency method provides an age for the primary crater j 
itself. ’ . j 

, » 

a) Secondary crat'er cluster of Copernicus' i 


- - ‘-First- -we- shall test whether; the method can be-ut-il-ized -for 

I i ' 

practical dating of secondary structures.' For this, a crater j ; 
, 1 ■ 

clus te r was selected which lies in the vicinity of Copernicus CD ! i 
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,and_..which.„was_ .definitely formed by ejecta from Cop.erni.c.us..«=^-_-^-,_ . 

« 

t 

Using pictures of average and high resolution, measurements * 

were performed on a series of surfaces whi ch l ay _on the ejecta ‘ 

plane produced by "these secondary craters (Figures 24 a, b). The | 

craters on this type of terrain proved to be very heavily eroded i 

and thus their measurements had to be performed with great care. 1 

Otherwise, we have a result of too few crater frequencies. 

Therefore, it is., advantageous to use only the largest craters j 

for dating since these have been less influenced by erosion effects 

Figure 9 shows that within the range of validity, the distribution 

. i 

on the cluster terrain agrees with that obtained for structures of 

Copernicus. ", 1 ‘ 


b) Central cluster and light mantle region for the Apollo 17 
landing site j - ' 


i 

; In the vicinity of the Apollo 17* landing site there are 

j structures — the light mantle and the central cluster region 
| (see Figure 25) ^vawhose origin is attributed to the secondary 
| impact of Tycho ejecta (Howard, 1973; Muehlberger, et al., 1973; 

jLucchitta, 1975; Wolfe, et al., 1975; Arvidson, et al., 1976).. 

j 


, . Investigations previously performed were based primarily on ! 

!the study of V- formations , the comparison with known secondary 
‘structures of Tycho, and morphologic criteria. a 1 

i ' ! 

J The assignment of these regions to the crater Tycho was j 

j cheeked in this work by using the crater frequency dating method > 

\ (.see also Section a) - . Craters superimposed on the light mantle ; 

!and the central cluster region were measured. It turned out, : 

f • 1 

jjust^as for the^ cluster region of Copernicus, that the .erosion f _i 
] of this target material is greater than on other regions (see 
jLucchitta and Sanchez, 1975). On the basis of the high quality | 
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I photo g ra phic material and the young test surface, sufficiently ' 
reliable measurements were performed which yielded identical 
{crater frequencies for both regions. Light Mantle and Central : 
jCluster. In the comparison of these data with Tycho values, the ; 
jempirical results of the two regions were summarized- The result-- 
jing test distributions of the Apollo 17 measurements is illustrated 
I in Figure 26 together with the data from Tycho. Where D < 50 m, 1 
'variations appear in the crater frequency distribution. These 1 
'are (attrib utable ,to the fact that on the one hand^, not all small 
{craters in the measurement region were detected (erosion) and on 
■ the other hand, for craters of 'diameter D < 30 m, contamination by j 

i 

•secondary craters seems to play a role (see Figure 35). -As ■ 

{Figure 26 'shows, the measured distributions of regions in the 


(Taurus Littrow valley agree with the overlapping diameter • { /29 

'range of Tycho. Under consideration of the experimental test i 

jresults discussed in Section we can proceed from the fact . ; 

!that the Light Mantle region and ’the Central Cluster region very { ~~ ~~ 

{probably occurred due to Tycho^ ejecta. Neukum and Konig.(1976) 

(arrived at a similar result on the J basis of previous investigations 

'Detailed examinations of the radiation |age| of Apollo 17 i 

samples CArvidson, et al., 1976) produced a "value of 96 ± j5~million' 

tyears for the Light Mantle and the Central Cluster region. This < 

!can therefore be considered the absolute age of the Tycho crater. | 

i-In addition, one can determine the absolute age of Tycho by | 

(another method. Here we begin from the relative integral crater ! 

•frequencies of Tycho and North Hay, their radiometric dating, ’ 

jand the flux -of impact bodies. Under the assumption of constant 

.flow (see Section IXI. 3b) there results a value of about 75 j 

{million -years for its age. Since the determination of crater • 

; : • ; 

; frequency and even -the flux of meteorites are full of uncertainties, 

‘‘this result is compatible with the radiometric age. ; ' 


I ’ 
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Figures 24a and b. Measurement region on the ejecta region of 
a secondary cluster of Copernicus’. 

(b) LO V 137H2. 


Ca) LO V 137M 
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Figure 25. Surroundings of the Apollo 17 landing site in the 
Taurus Lit trow valley. The measurement surfaces in the Light 
Mantle region (left) and in the Central Cluster region (right')" are 
included (P-17-2309).. 

X 

£ 

21 

o 
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■ Figure 26. Comparison of 
the Crater frequency dis- 
tribution 'measured on the 
crater Tycho (solid line) 
• and the structures in the 
i Taurus Littrow valley ( 
(Light Mantle and Central 
Cluster region).’ 
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' llT-r — 3— B-I-S g-U-SS I ON : — — j 

t . < 

! i 

| J * 

| a) Morphologic - stratographic classifications , 

! . ___ !_ _ _ __ _ : 

i 

I The investigations discussed in Section 1 produced the ; 

following age sequence for the impact craters (from oldest to 
youngest): Copernicus, 'Kepler, Aristarchus, Tycho and North Ray. 

•Except for North Ray, these impact structures have been dated 

\ 

(relatively on the basis of morphologic-stratographic criteria ! 

'(Hackman, 1962; Pohn and Offield, 1970p Wilhelms and McCauley, 

! 1971)* The resulting classifications agree with the results of I 
1 ! 

Ithis work. 1 * I 


j The dating of large impact structures by means of the fre- j 

quency of craters superimposed on them can, in principle, be j 

I 1 ! 

jused for every larger crater provided it is 'not too heavily eroded 
? or c overed by. secondary craters ._J__ T?jLth this method a series of^ 
j additional post-Mare impact craters were examined and their mor- 
;phologic-stratographic classifications were checked. Previous ’ 

I t 

[results of these studies have been published somewhat (Neukum i 

jand Konig, 1976) and are here summarized briefly: for recent 

■structures, as those investigated here, consistent results were 

i * 

(obtained. Older craters, however, are frequently classified as < 
i J 

jheing too young because the morphologic modification of a crater 

| depends not only on its age, but also on its size: erosion ■ 


j effects change -the appearance of a smail crater much more than t 

.jthat of a large crater. Therefore, the morphologic classification 

! 

tends to classify larger craters jas more recent. Although attempts 
(were made to include this effect ' (Of field and Pohn, 1970), 

. ’ i 

[apparently the size-dependence -of the classification — particu- , - 
jlarly in the range of crater diameter D > 8 km — was accounted j i ; 
j f o_r_ ojily ,_in s.uf fi c ie nt ly . * = „ /3 





-b-) — --Chronology of the flux of impact bodies 


The time course of the flux' of impact bodies near the Earth j 
more than three billion years ago is distinguished by an expo- ■ 
nential decrease of T-j^ = 140 million years (Neukum, et al., 1975a). 
| Beginning from the crater frequencies determined in this work, the 
t chronology of the flux — particularly during the past Cl-3) x 
CLOp years — can be determined-, 7 , more precisely than before . 


(Neukum and Konig, -1976). 


Results from the crater size distributions 

» i 


on the Canadian shield* and the Apollo 12 and Apollo 15 landing 
sites** were also used for this.; 


The integral frequencies '(for D = 1 km) of these objects com- 
pared to the corresponding radiometric age of the target surfaces, 
are shown in Figure 27. Beginning from the data which were ob- j 
tained for North Ray and whose assignment to a radiometric j 

age is relatively reliable, integral crater frequencies were cal- : 
eulated under the assumption that the flux in the last 3 x ICp years 
had decreased exponentially.. ’ Here different half-life periods t 


T 


Asi 


1/2 wer>e CGns iclered (T^^ = 60 cpnnesponds to constant flux) 
we can see .from Figure 27, a constant flux during the last 3 x 10r 
years reproduces the data obtained for North Ray, Tycho and the 
Apollo 12 and 15 landing sites quite well. ’A decreasing flow 


9 


where = (100-200) million years during the last ^ 800 mil lion! 
years, which was considered possible ‘by Neukum and Konig (1976) can 
be excluded. -i . ( : 


If one includes the data of; the Canadian shield and that 
! of the Copernicus 'Crater , then ai time variation of the meteorite 


. 

i 


If we assume v^]= 15 km/s for. data reduced to lunar condi- 
tions (see Neukum, et al., 1975a). 

■Da-t a 'taken- from Neukum, et al.,' (1975a). 


I 
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* Q 

Lf-lux— during— ■ the last 1 x 10 ; years is indicated. -J3 o_£oe-.< example., 1 

I Q 

! a flux during the last' lx 10 years with a half-life time of. < 
-about (0.5 - 1.0) x 10^ years which has decreased exponentially, • 

t 

l is compatible wit h the d ata. Ev en compl icate d model s of flux J 
i-chronology are possible (see Baldwin, 1971; Neukum, et al., i 

- 1 j 

! 1975a; Neukum and Konig, 1976). : Thus,, for example the flux coulds 

1 o I 

' have fallen off exponentially about 1 x 10 years ago and then ( 

■increased, followed by a renewed decrease.- A minimum impact rate! 

* o‘ 

occurring between % 1 and 3 x 10 y years ago couldu explain why no 
I ■ i 1 1 

! corresponding radiometric sample ages were found except for indi-j 

I i 

nvidual exceptions. , 

I : 

t 

j The data for Copernicus and' the Canadian shield however i 

; should be considered less reliable: neither the geocentric : 

! ■ i 

* velocities- used to convert the Canadian crater to "lunar condi- 

i .1 

; tions" of impact body are assured, nor is the relationship , 

f between the Apollo 12 'samples which were used for the dating of j 733 

. Copernicus and the crater itself certain. Thus for absolute : 

j dating, younger lunar ’impact structures for which no radio^metric; 

1 dating is available, can proceed from the assumption of a con- 
j ! I 

1 stant .flux. Under this condition, there results for Aristarchus 

an age of (125-175) million years and for Kepler (62 5-1250).. million 

i . i 

■years. Accordingly, for Copernicus one would obtain an age of j 
■ (1010 - 1630) million years. If the assignment of the age of ■- j 734 
1 Copernicus resulting from radiometric measurements of Apollo 12 1 

} samples is correct (i.e., if the ^ flux was not constant) then ] 

: the age of the younger crater Kepler would be limited to the 
! range of (625-950) million years. j 

t 


t The relative and absolute ages of the craters examined are 

-shown in Table 1, 

« * 
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; Figure 27. Lunar integral crater frequencies (for D = 1 km) as a: 
'function of the target age. The data from the Canadian plate were 
i converted to lunar conditions. ; 


f 


■ TABLE 1 . 


1 

i 

t 


RELATIVE AND ABSOLUTE AGE OF THE CRATERS EXAMINED. 


Integral 
crater fre- 
quency 
N (Rm-2) 


Age 

(10° years) 

(a) (b) 


j 


t 


Copernicus 

(1.0 

+ 

o.3) 

- lo" 3 

85o 2 

loo (r) 

1 32o 

3 

31o 

Kepler 

(7.5 

+ 

2.5) 

• 1o“ 4 

'79o t 

1 6o 

94o 

I 

31o 

Aristarchus 

(1.2 

+ 

0.2) 

• lo -4 

1 5o ± 

25 

1 5o 

4 

25 

Tycho 

• (6.0 

4 

1.7) 

• lo -5 

96 ± 

‘ 5 (r) 

75 

4 

20 

North Ray 

(3.9 

4 

1 .o) 

* lo -5 

48. 9± 

1.7 (r) 





1 (a) Dating on the basis ©f the flux -sequence considers the 
1 assignment of the radiometric crater age (r) 

! (b) 'Ages calculated under the assumption of a constant flux; 

L tjnere the radiometric age of North Ray was used _.as a, cali 

j brat’ion point . 
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'9 

- - _ Beginning, from the known lunar impact rate for the last 10 
years and the time constants of the crater size distribution, it 
is possible to determine the integral size distribution or the 
influx of interplanetary blodij es of diameters of 10 m^d^lO^m in 
the Earth-Moon vicinity during recent times. The data for 
particles having diameters in the pm- to the cm-range were obtained 
from investigations on lunar microcraters (Fechtig, et al., 197*0 
and meteor observations (Hawkins and Upton, 1958; Lundblad, 

1967)* For the. range of ' < . < 600 m, the size distribution 

1 0 . 5 Ti\ ~~ » 

of lunar craters was used. The determination of projectile 
diameter d from the crater diameter D is performed by relations 
of Hartmann (1965): d = a ^“ k d 1,02 , , where k = 1/3. 06, the para- 
meter "a" is a function of the impact velocity and p is the 
density of the projectile material. The inaccuracies in the 
quantities k and n a n are considered in the citations of error. 

The corresponding particle influx rates were determined under the 
assumption of constant flux, from the crater frequencies N and the 
radiometric crater ages t^ of North Hay and Tycho; the crater 
production rate <j> was determined: 

0 (d) = n (D,r. ) /tj. . ITwo i large crater diameters were extrapo- 
lated over the distribution curve. For the reduction of data of 
terrestrial craters (Canadian shield) the crater and target 
ages were considered (Neukum, et al., 1975a). The conversion 
of crater data occurs for projectile velocities V ^ = (10-20) km/s,. 
In addition, an; asteroid influx point calculated by Shoemaker 
and Helin (1976) for the Earth was used. The different gravi- 
tational field capture cross sections due to different gravity 
on the Moon and Earth were considered in the determination of 
influx values. 

2 6 

In Figure 28 the integral influx values per m 10 years are 
plotted against the corresponding particle diameters. The low 
data range of the influx curve is distinguished by dotted lines. 

The distribution curve of particle 'Sizes exhibits region's — like 
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ithe dis tribution function of crater diameter — wh ich show a ' 

i 

[nearly constant slope. -This indicates that the impact bodies 
jbelong to populations which originated by the most different means 
jfragments of collisions of asteroids with other asteroids or with ! 
[other heavenly bodies, or of origin on a comet. The asteroid ' 

i . ' 

ipoint is somewhat high with respect to the lunar crater data. 

[Note here that the' diameter determinations used by Shoemaker and [ 
[Helin are an average of about 50 % higher than the values deter- ’ 
[mined by other researchers (see Wetherill" 1976)^. .Therefore, the! 

i r r 

lasteroid influx point is uncertain. 



lEigure 28., Integral flux of interplanetary bjodij es in an Earth- 
jMoon system as a function of the ‘particle size. The crater 
Ldi.amej;_er_s__w.er.e, ..c.Qn.vert.e.d....int.o„,.pr.o3-e-C-t.il.e.._diame.ters 



XV- SECONDARY- CRATERS ON THE MOON 
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With the formation of impact craters , we always have the ; 

ejection of Imatl erial called ejecta. This ejecta again produces i 

craters or so-called secondary craters. On 'the Moon, their impact 

jvelocities are less than the flight velocity of 2.4. km/s. Large, i 

■fresh, impact structures are surrounded by pronounced systems ; 

i of -bright rays which are arranged either radially or tangentially! 

ito the edge of .the initial crater and -are connected genetically ! • 

1 1 i 

(with the secondary craters (Oberbeck, 1871).- Within the rays there 

j are a series of .crater chains which are produced by the impact 

■of ejects (see Shoemaker, i 960 ). One such chain to the southeast 1 

| l 

; of the Aristarchus crater is shown in Figure 29 (at different 1 

’Scales). As can be seen in Figure 29b, 'the secondary craters ; 

» 

are distinguished from the primary craters because of "their ; 

(morphology, by a somewhat elliptical shape, lower crater depths, ' 

; • t : 

‘ V-sh aped .structures and by their appearance in groups '(Qberbeck ; 

I and Morrison, 1.973); These structures are eroded with ‘ 

1 increasing age and losevtheir relief in the course of time, 

* ’ f 

.Besides these secondary craters arranged in chains, there are 

! disperse groups of round secondary craters (see Shoemaker, 1965)?! 

(which are called clusters. They' originate due to a form of 

‘ ejecta particles with very similar flight paths (Shoemaker, 

| 1965) •• Consequently, the impact velocities of ejeCta^parti’cles 

which have produced a secondary ' crater cluster have not been very; 

1 different. Thehimpact angles were probably very t steep since 
I ~f 

! these craters are round. It is generally difficult to assign 

( these structures to a primary eraterfe 

! 

{ iy . 1 Size distribution 

1 

v =i The_ 3 secondary craters of yo, unger impact structures are 

| especially suitable 'for investigation since they are relatively Ij 
j little eroded. Below, measurements are discussed which were J 

^rfo^e3'W’Th¥'^raXeF^KaiWs" = df J ^rXstarchusT'^^e^l'er^frd“'^ _ 

I . ' 
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Figure 29 a and b 


(a) 

Cb") 


(b) 

Ejecta region of the Aristarchus crater. 

Photo mosaic from LO IV 


Part of the bright ray system. 

150H3 and 151H1. 

Section of a ray, which shows a part of the secondary crater 
chain. (AS 17-2930). 
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S»QP-ecni.ausJ„„and. on clusters in- the vicinity of Ar i-s-t a-r chu-s—and- - — - 
jCopernieus. In order to keep saturation effects from falsify- 
ing the crater size distribution (i.e., mutual blanketing or 
; craters impacting the s ame s pot ) .only those cha ins .and cluster 
:structures were investigated which exhibited a relatively low 
jcrater density. The investigations were performed in the 
jdiameter range “of' 250 m - D ^ 350.0 m. 

a) Empirical principle and evaluation |- 

\ 

j To measure the secondary • craters, the same photographic 

material was used as already introduced in Chapter II la. 


f The distance of the secondary crater from the primary crater j 

center was between 6 0 and 280 km ((Aristarchus), at about 600 km j 

j(Kepler) and between 140 and 480 km (Copernicus). The secondary \ 

prater chain in Figure 29 was divided for the measurement into_ - /38 

sections, each of a primary, crater radius length in order to be 
t » 

able to determine any variations with distance from the center of ’ 

> 

-Aristarchus. Only the unequivocally identifiable craters connected 
with V-structures were included in the chain. 


1 Figure 30 shows four of the examined clusters. A-ll craters 

within the measurement surface delineated by -the lines 'were 

I 

included in the investigations. 


! Four points on the crater edge were measured. This was done,! 
on the one hand, because the secondary structures, particularly 

those in the chains, are often not circular but elliptical; on the 1 

l 

other hand, these craters often have an incomplete edge due to the; -• 


*-=. -P-ar-t-i-ai -use-was made of the investigations of 0b‘e'rb'eck"'and"' ' 
j Morrison (1973) in the identification of appropriate primary 
' . craters. 
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Figure 30. Investigated cluster of secondary craters on 
Copernicus (LO V 157M) . 


sub sequent impacts of nearby meteorites . The average diameter^—,’ 
of the secondary craters was determined by drawing a calculated 
circle through the four measured crater edge points after the 
.determination processes. The final evaluation was performed as in 
Section II lb and c. 


; b) Results 

I 

Figures 31a and b show the integral size distribution of 
’secondary craters in a section of a chain (in 11-12 crater radii 

I 

distance) of Aristarchus (see Figure 29) and in a cluster,, which 
his distinguished by an arrow in Figure 30. The shape of the 
'distribution curves suggests a classification into two diameter 
( j intervals in 'which the data can be approximated by straight log- 
i, [log diagrams. It was found that .the measured size distributions * „■ 
. ( .of. the. .secondary craters in clusters and chains follow -a percentage 
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law in t he ra nge of small diameter of the form b ~ d ~ a ( a = 2 . 5 + 0 . 3> . 

and in the range of larger craters a percentage law ^^p" 15 (s - 4 +H , 

From the similarities of the size distribution in secondary 

crater chains and clusters, one can conclude that the ejecta j 

producing them originate in the primary crater formation by the 

same process. The transition between the flat and the steep ' j 

1 

branch of the distribution curve appears constant as shown in ; 
Figure 31. In this transition zone, we can define at about a 
breakoff point D^: the data of the crater of diameters D < D A lie* 


A 


on the flat branch of the distribution curve, the value where 
D. > D a lie on the steep branch. "'Between the point of a secon- 
dary crater distribution and 'the* current largest crater diameter 
EL J °f a crater group there exists an equation. 


The correlation* 


of t 

against the appropriate 


max! 


max- 


the distribution 


at about 0.7 times the greatest craters D. 
curves of the secondary craters bend 'into the flat branch. 


/40 


hese quantities is shown in Figure 32 where the D. is plotted* 

s I ' A 1 

P - values. From this one can see that 


If one compares the size of a secondary crater in the ; 

Copernicus and Aristarchus -chain' (Figure 32), then one sees : 

; that the larter crater Copernicus in general also produced 
'larger secondary craters. This correlation between primary crater 
1 size and average secondary crater diameter was observed even in 

i 1 

• the investigations of chain' craters of other primary crater 
j i 

j distribution fields. However, no correlation of the average j 

1 standard craterisize could be ascertained in the .chains 'with the : 

t ’ “T 

distance from the primary crater 


\ 

It is probable that for the average diameter of a 
secondary crater in clusters, analogous equations exist as for 
the chain craters. However, these structures were formed by 
ejecta which itself was created in -a similar- manner. But since 
the assignment of clusters to primary craters is often not 
unequivocal, the relations in this case cannot be checked. 


! 


I 

f 

1 

1 

i 




■Figures 31a and b: Integral size ‘distribution of secondary crater j 


■a) In a section ('in 11-12 crater b) 
i— - radii distance) of the chains—- 
| shown in Figure 29 which lies 
* in a ray of the Aristarchus 1 ■ 
crater. 


0f a cluster on the continu- 
ous ejecta cover of the - — ! 
Copernicus crater which is 1 
distinguished by an arrow 
in Figure 30. 

Two straight lines of slope ! 
gh^Jand -4 (in the log-log 
plot) are plotted by the 
measurement distributions, j 


2000 


j I Secondary craters 
I along rays 
A Aristarchus 
• K Kepler 
C Copernicus 

; Secondary crater 
i clusters 


3000 


4000 


Largest Crater Diameter D^ax Cm) 


Figure 32.. --Correlation be- 
tween the diameter D* and the; 
current greatest diameter 

D max a sec °ddary crater | 
gr o up . 
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iV'r“ “2- —Di-s'cus sion 


It was prviously assumed that the integral size distribution 
of secondary crat_e.ps. t fQllpw_a,.p,e.hsentagg__.l.aw. of constant exponents 
-3*5 (Soderblom, et al., 1974) to -4 (Shoemaker, 1965)* The 
flattening off of the distribution curve at smaller crater diameters 
was previously not observed. In the Investigation of secondary /4l 
craters which were formed by ejecta of the Sedan explosion 
crater. Shoemaker noted (19&5) a bending in the jsize distribution 
but did not attribute this to an effect which was caused by the 
evaluation: the smaller secondary craters lay closely packed above 

the resolution limit of the photographs used and could therefore 
not be completely registered. 

For the size distributions measured in this work the bending 
occurs in. diameter ranges where quantitative measurements were 
made . . . 


The destruction of smaller craters either by erosion or by 
subsequent formation of larger craters at a higher surface density 
of impact also causes a flattening off of the crater size distri- 
bution at smaller diameters. A significant influence of this 
process on the measured size distributions, however, is not 
possible . 

- If erosion effects were significant, the -size distribution, 
of equally old secondary crater groups which lie along the same tar- 
get material would have to bend off at the same diameters D^. But 
this was not observed on the secondary crater chains found on 
Mare material, e.g., for example, on Copernicus (see Figure 
32). 

Although the crater densities in the examined secondary 
crater groups in the range of D<- lie near the frequency values, 
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■ t he populatio ns are in equilibrium in the creatio n-des t ruct ion 

1 cycle, however, in this range the exponents of the measured size 
(distributions ('about -2.5) are different from those of the 
'equilibrium distribution (Exponent -2). 

i ; 

i The results of this work show that the size distribution of j 

! the secondary craters can be described 'by a power law having ■ 

| diameter dependent exponents. The previously assumed power law ! 

■for a constant exponent between -3-5 and -4 doea not hold for : 

^ V ■ r > 

j the range of small crater diameter. 

i 

! As already discussed, the velocity differences between the 

■ ejecta particles which have formed a cluster or a certain section 1 

■ of a secondary crater chain could not have been very large. ; 

, According to the generally recognized scaling, the ratio of 
.projectile diameter to the corresponding crater diameters is i 

! I • 

j' nearly constant at the same projectile velocities (see for example, 

I Sartmann, 1965). This means that the measured secondary crater 
| size distribution directly reflects the size distributions of , 

; the ejecta. 

* , 

{ 

i ^ f 

i IV. 3 Comparison with the primary crater size distribution 

I ‘ I 

The average impact velocity of meteorites on the surface . i 
of the Moon is about 15 km/s [(Pipit, 1962). The velocities j 

of the ejecta particles forming secondary craters is always ‘ 

, less than the Moon impact velocity by 2.4 km/s. Therefore, a ' /42 
! meteorite produces on its impact on the Moon’s surface, a J J 
j minimum crater 3 times larger than one produced by an ejecta j 
j particle of the same mass. In order to be able to directly 
j compare the crater size distributions of meteorites and ejecta, 
j a velocity correction must be made. This is described as follows: 

Between the diameter D of a \ crater and the energy E necessary 
I i v | '< 

‘T-Qr-'-its- -formation-,- -there i-s- -a n -e qua tio n- -D ■ — -E“wh rch' " wa s- • deter- 

j mine d on the basis of explosion experiments (e.g., Baldwin, 1963)_v 
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i F op a meteorit e impacting at velocity v of mass m, ther efore , we 
|have D ^ (1/2 mv j K . For k, a value between 1/3 and 1/3 .4 is 
■used (Shoemaker, 'et a!., 1962; Baldwin, 1963; Hartmann, 1965)* j 
Thus there results the diameter relationship y = D^/D^ of the crater 
which was produced' by the same projectiles at different impact 
velocities v 1 and v 2 to y - (v- L /v 2 ) 2k . Since in this chapter > 
.examined secondary craters were produced at a minimum'velocity of 
j about 350 m/s on the basis of ballistic calculations (Overbeck I 

.j and Morrison, 1,9,7 3 ) there results for the diameter ratio D ; 

! (secondary )/D • (primary )' ^ 0.08. A more precise determination 

I ' * ♦ 

of y is difficult since 'neither the impact velocities of ejecta , 

■nor those of meteorites on the Moon are known precisely. 


For direct comparison of the size distribution of ejecta 

|and meteorites, the standard distribution function (see 

•Chapter II) is shown in Figure 33, shifted by a factor of y -= 0.1 

| to smaller diameters. For this ‘ diameter ratio there results the 

'best possible agreement between two distributions: if turns out 

i 

, that the size distribution of a secondary craters agrees well 
■ with those of 'meteorites for diameters D - D^. For diameters 
! D < D a , the' ejecta size distribution function deviates from 
that of the primary impact bodies. This relationship is inter- 

i 

I preted as a deficit occurrence: if — as is suggested by pre- 

vious considerations — the size distribution of ejecta of the 
1 meteorites is very similar, then necessarily the size distri- 

j bution of ejecta at the greater diameters reaches a limit due 
i 1 i 

l to the finite primary crater size. 

i 




j 

f 

i 

i 

\ 

i 


i 

i 

i 

l 

i 

| 

i 

\ 


I As was also determined in our investigations, a correlation j 

j exists between- the primary .crater diameter and the diameters of 
■its secondary craters (see, for example. Shoemaker, 1965)* It ! 

| % i 

I generally makes no difference which process causes the primary f 
.crater (explosion, impact), so that one finds empirically that ini 
the m-km; diameter range, the greatest secondary crater is about j 
■fen” 1 ime'S — smaller "than f haf -'of-f h e - primary-'c rater- -(see- Table - 2> 
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^Figure 33* Secondary • crater size distribution of a cluster on 
,the continuous ejecta cosher of Copernicus, A normal distribution' 
function and a logarithmic line of the slope of -4 is drawn 
[through the data. The standard distribution function was 
shifted by a factor of 10. 


[TABLE 2. RATIO OF THE LARTEST SECONDARY .CRATER DIAMETER D E TO 

THE PRIMARY CRATER DIAMETER D^ FOR LUNAR IMPACT AND TERRESTRIAL 
l P 

EXPLOSION CRATERS (DATA FROM SHOEMAKER, 1965); ROBERTS, 1964)-. 


(Crater 


Crater type 


D v 


VR 


[Scooter 
Sedan 
Copernicus 
Langrenus^ • 


Explosion 

Explosion 

Impact 

Tmpact 


104 m 
366 ,m 
92 km 
132 km 


0 

0 

0 

0 



f 


The relation between the diameter D (where the distribution V4 3 

2 A 

(deviates) and the diameter D , (of the largest crater of the 
] max ° 

t secondary crater group under consideration) illustrates the 
! deficit o c c ur r ence' "("Figure" - 3 2 ')-;- 'The' -size" ‘distribution of ejecta j 
| deviates from the .‘normal distribution because the size of > 

secondary particles produced cannot be selected due to thed i 

| ^ f 

primary impact, i.e., a deficit of large ejecta particles must 
'occur. 

; i v j 

i ' i 

It is conceded that at least some of the meteorites which 

* I | 

reach the Earth-Moon system are collision fragments of larger j 
bodies (see, for example, Wetherill, 1976). Therefore, it is not j 
; amazing that similarities exist between the size distribution of 
'-ejecta particles and' of meteorite bodies, however, both types of j 
; bodies are created' by collision processes. According to Dohnanyi! 

' (1269)- one expects a' power law having the exponent -2.4 for the 

* 1 

! integral diameter distribution ’of - particles which were formed by--' 
•collisions.. The average secondary crater distributions have a 
j similar exponent 'except for the deficit part. Since a normal : 

| distribution curve is composed of regions having different 
(exponents, very probably the correlation of the ejecta distribu- i 
| tion and the size distribution of the primary projectiles is 
given only for the size range examined. 

1 

! IV. 4 The influence of secondary craters on primary crater 
i l =, ( 

i . distributions ‘ ~f 

1 — 

1 , 

It is not always possible to perform investigations on 
I regions which meet all the criteria for selection described in 

» t 

j Section II a, particularly the condition of minimum secondary 1 1 

j crater mixing. Therefore, it is- of interest to know in what 
(""crater" s'iz’b '"ranges a significant contamination by‘“ secondary " " < 

1 1 

j craters should be expected, i.e up to what crater diameter 

I * , 

I a re measurem ents o f ,., pri m ary___crater distrib utio n meaningful 'which ' . 

. will lead to reliable results. 
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j„ — „T.h.e„knpjffXejige of the ejecta size distribution and t hus of 

the size distribution of the secondary craters makes it possible 

* 

;to estimate the influence of 'intermingled secondary craters on 
■primary crater populations. In Figure 3^ the n on- sh ifted primary, 
{crater size distribution function- is approximated to the empirical 
■data (dashed' line) . The secondary crater distribution seems to 
'follow in the region of larger diameters, the primary 
•crater distribution and at smaller diameters to bend off flat. The 

, , i 

{agreement occurs_ because the deficit branch of the measured 
; i , r’ 

•{secondary crater size distribution falls within the range of 

,the normal distribution function examined in this work. This 
1 | { 

•normal distribution function can {be approximated by a power 

i 

j function having the exponent -4. -The coincidence can be attri- 
buted to the diameter range alone where the measurements used 

> i 

.j.here were performed. As was discussed in the previous section, 
j this coincidence does not occur in the other diameter ranges. j 

t 1 * 

‘Therefore, in general there should result a noticeable contamina-; 
;ted size distribution. Its precise course cannot He predicted f 

i 

, since it is dependent on the quantities of surface density and | 

| number of secondary crater groups contained. { 

i 1 

i 

t ♦ 

{ in order to study thi s m ore precisely, different aged old , 

{regions were selected^ 0- 1 30 ~ X ~ 3.5 ) -io^ years. Secondary 

{craters were knowingly included in the measurement (Figure 35, 

| closed symbols) and for comparison we tried to eliminate all 

{ secondary craters according to the criteria introduced in i 

» ' ( "I , 

{Section II 2 (Figure 35, open symbols).- Nearly all secondary 

j craters (with the exception of several characteristic V- 

| structures) were included in the 1 measurement (Neukum, 1976) of j 

i the lava filling of Tsiolkovsky . ; For Copernicus, the secondary . 

i 

{ crater cluster in the northeast of the crater base (see ; 

^Section III la), which was eliminated for the dating process, J 
! was included in the measurement ; the same occurred for the i 

j continuous ejecta cover of Aristarchus in the northwest of the | 


L 
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I orator - O n the other regions (Oceanus Pr o c e 1 1 ar um.,... , Ar.i st.aro hus J . [ 

■ no unequivocal clusters were discovered, only variations in \ /46' 

j crater densities were noted which could be caused statistically. , 

Here, too, the already mentioned elimination criteria of Ober- ; 

beck and Morrison (197 30 were carefully applied. In all cases 

the measured distributions bent off from the primary crater dis- 1 

) tribution at a diameter D which is greater as the area under ; 

l s 

1 consideration" is more heavily * cratered, i.e., the older it is. . 

j-This is illustrated on the example of the Oceanus Procellarum 

land the Tsiolkovsky empirical curve. (Figure 36). For D>D the i 
I b 

measured crater size . distribution- follows the standard curve, for' 

D-< D s there results superelevated measured crater frequencies. ( 

< In Figure 35 the integral crater* frequencies N (for D = 1 km) of > 

j the regions investigated are plotted against the diameter D g . * 

; The correlation between the age of the target and D can be seen:; 

i s i 

in older regions the contamination begins with larger craters j 

J i 

instead of on. recent ones. Moreover D g depends on how careful ' 

t the elimination of the discernable secondary craters is performed. 

’ To the right In Figure 35 the drawn line can generally be used 

| as a dating line if an elimination of secondary craters is per- t 

) formed. For D < Dg, however, one should generally count on 

] quantitative inclusion of secondary craters which can no longer 

[be •identified as such in this large region. One measurement per-, 

* formed on these diameter values (D < D ) would lead — in 

i s t 

| accordance with the degree of contamination — to a very great age. 

jin the case of t.he measured distributions entered in Figure 35> 

jthere would be a superelavation of up to a factor of about 2. j 

.Under consideration of this state of affairs, a maximum age can j 

•be estimated if appropriate caution is exercised. If, for example, 

ja region which is older than,^ i-io^ years j(n - l - io~ 3 km~ 2 '' for j ^ 

I D = 1 km) can be dated with high "precision, then it is meaningful* 
t , 

jto measure only craters of diameters D > 400 m provided^ we are . 1 

not dealing with particularly favorably arranged surfaces. For ! 

i - 

j younger objects, about the age of Tycho, the minimum diameter j _ 
t 'D"^™4'Q-5'0'Uii“fdrro¥F'Tfonr’Fi'gufe ~ 3 5’. ' * ~ “ 

l _ 
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CUMULATIVE CRATER FREQUENCY (km 1 ) 


/ 


l 



Figure 3^1.. Measured seeon-, 
dary crater size d'istrlbu- 1 
tion of a cluster on the 
continuous ejecta blanket , 
of Copernicus. The primary 
crater size distribution 
function is drawn through [ 
the data. 


i 
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(a) (b) 


Figures 3 6 a,b. Measured crater size distributions which are 
superrelevated due to secondary crater contamination for diameters 
D <D S . 

a) Oceanus Procellarum b) Tsiolkovsky 

The measurements performed on secondary crater groups 

(chains and clusters) permitted the estimation of the maximum 

.superelevation of frequencies of primary craters due to inclusion,* /47 

q 

of secondary craters for regions of ages < 3.5 x 10 years in 
the range of |3oo m"< D j. T knd . The absolute frequencies* in the 
secondary crater groups lie about an order of magnitude above 
the primary ones which determine the age of the region. The 
generally investigated surfaces are large compared to the number 
of surfaces covered by secondary crater groups which they contain 
(could contain). If primary and secondary craters are evaluated 
together on such regions , 'the resulting frequency lies less 
than a factor of 10 above . the determination made' \on the basis of 
primary craters alone. Older calculations of the contamination 
of primary crater populations by:secondary craters deviates 
from these estimations. They proceed from too steep a secondary 
crater distribution curve which was extrapolated to smaller 

■ 

* The datum level is the region surrounded by the straight 
lines enveloping the crater group (see Figure 30)* 
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A^atej:„diamehp.rs (Shoemaker, 1965) . On the basis ef the un- 
corrected starting distribution of secondary craters-, the super- 
relevations determined in the Mare regions of more than one order 
of magnitude are ' certainly too high. Gault (1970) arrived at ! 
similar conclusions, however, his were based on other considerations. 

V. EXPERIMENTALLY PRODUCED 'SECONDARY IMPACTS i /M 

f 

V. 1 Experimental description and evaluation processes 

■ j ^ “ 

In this chapter. Impact experiments and investigations of 
the ejection of secondary ‘particles are described. The results — ^ - 
particularly the size distribution of ejecta — are compared with.; 
the corresponding data of other authors and agreement and 1 

differences are illustrated which exists jfoTj the ejection phenomenon 
of large lunar craters. 

a) Apparatus used 1 


The impact experiments to produce secondary particles were 
performed with the small gas cannon of the Ernst-Mach-Institute 
in Freiburg. There, projectiles of up to 2.5 mm diameter can 
be accelerated to velocities of up to 5 W s; A description of 
the operation of the small gas cannon is found, for example. In 
Schneider (1972). Impact experiments with projectiles of known 1 

I 

mass and velocity were performed on the 2 MV van de Graaff- 

1 ’ f 

accelerator In Heidelberg/. -and using the small gas cannon to 

calibrate the secondary impact structures. The dust accelerator , 

is described in detail in a series of papers (e.g./ Rudolph, 1969 L 

Neukum, 1969)* There (electrically conducting) particles of 

-9 -15 

masses between 10 and 10 g were accelerated to velocities 
between 1 and 60 km/s by electrostatic means. A raster electron ' 
microscope (stereoscan) was used to search, measure and photo- 
graph impact structures produced by the accelerator. Its reso- 

° * 

i'ution' was' "at "'a"b out fO 0" ’Ai “I t " id "pdwere d”'by a '2 O' v~ tied e‘X ©ration 



voltage. By using a Si (Li) semiconductor detector (resolution 
limit: 160 eV) connected to the stereoscan, the energy spectrum 
of the characteristic X-ray excitement of the primary electron 
beam on the target was recorded in the range of 1-10 keV; thus 
the chemical composition of the target structures was qualitatively 
determined in the micro-region. The spectra were plotted by the 
recording equipment . 

b) Experiments 

Impact experiments were performed using the light gas 

cannon- these are described below. A steel ball of mass 1.4 x 
_2 

10 g was fired at a velocity of 4.1 km/s at a fine grain 

basalt target. During the penetration process, the target 

-4 

chamber was evacuated to a pressure of 1.5 x 10 torr in order 
to keep the Interaction effects of small ejecta with residual gas 
molecules negligible. 

In order to record ejected particles, 5 lead targets were 
arranged in a holder at a distance of 15 cm from the intended 
impact point . The construction is shown schematically in Figure 
37- From this we see that the ejecta struck -the target almost 
perpendicularly. Since the point of impact could not exactly be 749 
localized in advance, the actual ejection and impact angles of 
the secondary particles were postcalculated . 

1 

c) Calibration experiments 


The target material, lead, was selected because it is a 
suitable detector for particles having velocities less than 
200 m/s . In order to keep a sufficiently smooth surface for 
scanning, the lead was milled. Then the targets were loaded with 
gold. This simplified the location of smaller, faster-moving 
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Figure 37- Schematic assembly of the • experiment using the light 
gas cannon. 

particles, particularly in the calibration experiments on the 
dust accelerator. . The target surfaces were selected of a size 
such that the secondary particle • density could be determined with 
sufficiently accurate/statistics . Non— rolled lead targets were 
used for calibration of the light gas cannon. 

Aluminum and gold-loaded glass balls of diameters between 
0.5 and 20 ym were fired at lead targets at velocities between 
200 m/s and 3 km/s to calibrate the dust accelerator. The supple- 
mental impact experiments on the light/gas cannon were performed 
at velocities between 800 m/s and 2.5 km/s. Here, aluminum 
projectiles of 2.5 mm and glass projectiles of 2 mm diameter were 
used. There resulted impact structures whose morphology changed 
with increasing speed; the projectiles were reflected (I), 
remained embedded(II) or formed craters (III). Several examples 
for this are shown in Figure 38 a-h’. In Table 3 the results of 
the calibration experiments are summarized. The D/d relationships 
shown there were calculated from the known average projectile 
masses and the determined diameters of the impact structures.. 





a£ <\ = 42°; B = 7000; 

v - 200 m/s; Glass Al -» Pb. 



£1 a = 31°; B = 4900; 
v = 300 m/s; Al -» Pb. 


Figure 38 a^h: Morphology of the 


projectile, velocities v C a 
graph of the target from 'the 
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e; ct = 40°; 6 — 4000; 
v = 500 m/s; Al -* Pb. 



’ aia = 45°; fi = 1250; 

v = 1400 m/s; Glass Pb. 


Figure 38 (.continued) 
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fj_ a - 4 5°; B = 1200 

v = 1400 m/s; Al -» Pb. 



h£_ cx = 21°; B = 7000; 

V = 2000 m/s; Al -> Pb . 
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TABLE RESULTS OF THE CALIBRATION EXPERIMENTS ON. THE DUST 
ACCELERATOR AND ON THE LIGHT GAS CANNON! 

i Velocity i Projectile i Projectile ' Morphology ' D/d** 

m/ s ^...compo.sition*^ type 


(h) 2000 m/s 

i 

, (i) 1400 m/s 

I 

i(j) 2000 m/s 


(a) 200 m/s j 

Glass, 

(b) 300 m/s 

Glass 

(c) 300 m/s 

A1 

(d) 500 m/s 

Glass 

(e) 500 m/s 

Al 

O' 


(f) 1400 m/s 

A1 

(g) 1400 m/s 

EB 


A1 


A1 


Glass, A1 


A1 


1 

* * ' 

- ' 

Reflected 

I 

0.4-0. 7 

Reflected 

i 

0.4-0. 7 

\ 

Embedded 

II 

1 .0 

Embedded 

II 

■ 1 -O' 

Embedded 

II 

1 .0 

Produces craters 

II-III 

2.8-3 .0 

Produces craters 

III 

2. 8-3.0 

Produces craters 

III 

1.9-3. 7 

Produces craters 

III 

3.0 

Produces craters 

ill 

3.6 





I - 


* (i)* (j) Data from the mm projectiles 

** D = diameter of impact structure; d = projectile diameter, 
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As we see from Table 3, below a velocity of 200 m/s only 
projectile reflections are observed. Deformations (I) in the 
target shown in Figures 38a and b occur in this. The diameter of 
these structures should decrease with decreasing velocities. There 
fore., in the following we begin "from 'a ration 05/30 j = 0.4 
for conversions into projectile diameters. For impact velocities 
-2 km/s, craters occurred in which the projectile material 
covered the crater (Figure 39 g and h. Type III in Table 2). 

To convert the projectile diameters we set (D/d)-j-jj = 3*7* For 
the embedded projectiles we assumed that (D/d).^ = 1. 

d) Measurement principles and data reduction 

The lead targets exposed in the light gas cannon were com- 
pletely scanned by, the stereoscan at 100 times resolution. About 
5% of the surface was also scanned at various points on the target 
at 2000 times resolution. In two cases 4% of the surface was also 
scanned at 500 times resolution. In Figures 39 a-h, typical 
impact structures were shown 'Which were produced by ejecta. 

These are deformations (Type I, Figure 39a and b) if the ejecta 
were reflected at the target. Figures 39 c-h show embedded 
ejected particles (Type II), whereas Figure 39 h is concerned 
with primary projectile material,. Craters produced by ejecta 
(Type III.) are found in Figure 3‘9b, g and h. 

The diameter of the impact (Structures was measured directly 
at the display screen of the equipment, sometimes the different 
diameters were determined for non-round structures. Here we 
always recorded which type (I, II or III) was present. The 
data were stored on punched cards and evaluated withj.a modified 
version of the program for lunar, craters (see Section II 1c). The 
diameters of the impact structures were converted into particle 
diameters by the appropriate D/d-ratio. The integral frequencies 
of particle diameters were plotted for the different types. 



V'. 2~ Size distribution of secondary particles 


By using the measurement principles described in the pre- 
vious section, ,i£. ..was. .p.os.sible to. .determine the-s-i-ze distribution, 
of the ejected particles for different velocity intervals from 
the secondary impact structures. One difficulty in this was 
that the density of the impact structures on the target showed 
local variations. Therefore, even at greater magnifications, large 
surfaces had to', be examined. Otherwise there would result 
statistically induced variations. 

The measured size distributions are shown in Figure j^oj a-e for 
the different ejected angles. From this results that the size 
distribution for the particles of different speed is nearly the 
same: u(a,v) ^ £<v}d -s , where N is the integral frequency, 

d is the particle diameter and f(v) is a velocity function which 
describes the variation of absolute, frequencies. An angle and 
particle size dependence = J(a,a), exists, however, this is 
very weak: between a = 21° and 66°, 3 varies on the average 

between -2 and -3. 

V. 3 Angular- and velocity-dependence of ejected mass 

The relative Constance of size distribution makes possible 
a comparison, of absolute frequencies for different ejection 
angles and speeds. As a reference value we use the particle 
diameter d = 100 pm. For the total frequency of all recorded /57 

particles there resulted an increase with increasing ejection angle 
as shown in Figure 4l. The same is also true for the particles 
sorted according to ejection velocities. Whereas the fast crater 
producing ejecta always represents less than 1 % of the total 
number of .particles, the percentage of the particles embedded- -in 
the target and reflecting from the target shifts in various 
angle ranges relative to each other. As can be seen in Figure 4l, 
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' 'the quantity of the Type I and II particles for g= 23 ° are co m- 

-parable., for a= 5 ^° the ejecta of Type II are even more frequent > 

; than the reflected .particles bya factor of 3* For the other i 

4 | ejection angles, the reflected particles were recorded 2-4 times ! 

Imore frequent than the embedded particles. There results, then, ' 
' ' i ’ 1 

•• 1 that the ejecta generally are thrown out at low velocities where j 

;the percentage of the particles with v - 200 m/s is about (except t 

(for a factor of 4 ) equal to ejecta particles of average velocity j 

'(200 m/s - v - 200.0 m/s). ’ , 



i 
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c: <X = 0°,- fl = 370. d: OC — 0°; fi = 740. 


Figures 39- a-h: Impact structures produced hy ej-eeta on- -the 

secondary target (a = angle of inclination, on photograph, of 
the target from the horizontal, f3 = the enlargement). 
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Figure 39 a«h (.Continued) : 
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DIAMETER i |im ) DIAMETER tjim) 

Figure 40 a-e. Measured integral frequency distribution of the 
ejecta diameter for ejection angles between 21° and 66° and 
different velocity intervals. For the case where particles were 
measured which, could not be definitely classified, the points 
were given a lengthened (dashed line) error zone. Their 
elimination would lead to lower frequency values. 


76 






Figure 40 a-e (Continued) 

* i 
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/57 


Particles from all three velocity ranges under consideration 
were recorded for each of the angle regions examined. The velocity 
steps, however, are very 'coarse. Therefore, only a qualitative 
statement can be made about the variations of ejection velocities 
of the ejecta as a function of the ejection angle. From 
Figure 4l we see that more than 99 % of the ejecta is ejected at 
velocities below 2000 m/s. More than 50 % of the particles regis- 
tered at ct«25' i and 50 T<a<1 58° had velocities between 200 m/s and 
2000 m/s. The majority of particles in the other angle ranges 
examined were slower than 200 m/s. / 58 

V. 4 Discussion 


The experimental results obtained in the framework of this 
work agree quite well with the results of similar simulation 
experiments. -Gault, et al., (X963')‘ and Gault and Heitowit 
( 1963 ) performed impact experiments using Basalt as the target 
material and the ejection was examined by time loop photo- 
graphy at high film rates. It turned out that the ejected mass 
increased with increasing angles and that the ejecta was usually 
emitted at velocities less than 5i00 m/s and a>45°. From the mass 
distribution of ejected particles determined by Gault, et al., 
there results. an ejecta size distribution function of the form 

O 

N m d p where 3 - ~ This exponent agrees with the data 

| 1 

of this work. 

The exponent in the distribution function is similar to 
that of the lunar ejecta in the (100 m - 1 km) range. This 
indicates similar (fragmentation) mechanisms in the origination 
of ejecta from cm-km craters. The steep deficit branch appearing 
for lunar secondary crater distributions was not observed in the 
distributions of experimentally-produced ejecta. The Spallation 
o.e.c.urring. .on. Basalt- -cratering. .may produce .sufficient, numbers .of 
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large 'e-j-e-cta particles so that the deficit branch of -the -ejecta 
size distribution only occurs at ' diameters which are larger than 
the primary projectile diameter. ' 

Other similarities intthe ejection process which are found 
over orders of magnitude in the crater dimension exist in the 
average similarity of ejection velocities. For impact experi- 
ments on Basalt as well as for large lunar impacts, the main mass 
of ejecta is thrown out at velocities below 500 -m/s. As is shown 
by the appearance of lunar secondary’ craters in clusters, many 
-ejecta particles 'are apparently thrown out in groups (Shoemaker, 
i 960 ). This phenomenon was also 1 observed in the experimental 
ejection studies: on the average the targets exhibit a homogeneous 

density of secondary impact structures. In this respect, we 
probably also see the appearance of preferred directions in 
the ejection which can occur due to weak zones in the target 
.(Shoemaker, I960) . 

Whereas the previously discussed ejection phenomena appear 
.to be of a general nature, there is a series of dynamic processes /59 
which depend greatly on target material, crater dimensions, crater 
'shape,- etc. Using the examples of the angle dependency of the 
ejection of different type craters, we discuss this phenomenon 
below. 


Schneider '£1975) obtained results which deviate from those of 
this work in an impact experiment on a glass target . He obtained 
a maximum density of secondary particles (where v ^ 3 km/s) for the 
ejection angle d ^25° and another maximum a ^60°. This second 
maximum was also found by Eichhorn (197*0 using High ); flash 
.investigations (using primary targets made of metal). The 
deviations may be explained by the different (primary.) .target 
. materials or may be caused by the different particle detection 
• methods . • 
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The. .ejection In sand occurs primarily between 3,0° and 50° (see 
Chao, 1974; Stoffler, et al., 1975); this is different than for 
a solid target where the main mass of ejecta is thrown out at 
steeper angles. The resulting ejection structures exhibit com- 
parable uniformities with those of larger impacts: inverse 
stratography , radial intensity decreases (Stoffler, et al., 1975)* 

Particularly large explosion craters, like, for example, 

Sedan- and Teapot. Ess., - show marked similarities with lunar impact 
craters. Their ejection structures somewhat follow the^same uni- 
formities and can therefore be included in the investigations 
of this project. However, in this we must note that the 
ejection phenomena depend on the depth of the detonating charge 
(.Carlson and Jones, 1975)* For the study of angle dependence of 
the ejection, therefore, younger terrestrial impact craters — 
for example, the Ries crater — should he preferred.' With these 
craters, the lateral transport of ejecta seems to dominate at 
smaller ejection angles a (Chao, 1974). Shemaker (I960), also 
arrived at a similar result due to ballistics calculations which 
he performed on ejecta of the lunar crater Copernicus. 

The preceding summary of several results of the ejection 
studies show that the mechanisms occurring In the formation of 
craters by no means proceed similarly for all structures. There 
are parameters which are apparently of a general nature (e.g. the 
size distribution function and the velocity of ejecta and 
ejection in clusters), as well as those which depend greatly 
on the projectile and target parameters (angle distribution of 
ej ected mass ) . 
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VI. SUMMARY 


Young lunar impact structures were investigated by using 
lunar orbiter, Apollo Metric and panorama photographs. Measure- 
ments on particularly homogeneous areas low in secondary craters 
made possible an expansion of primary crater distribution to small 
diameters. This is now sure for a range between 20 m ^ D - 20 km 

and this indicates that the size and velocity distribution of the 

o 

impacting bodies in the last 3 x 10 years has been constant. 

I * 

A numerical"approximation in the form of a 7th degree polynomial 
was obtained for the distribution. 

For the north Ray crater which was dated with relative 
precision (49 million years) an integral crater frequency of 

(3.9 ± 1.0) x 10 ^km 2 was determined for D = 1 km. 

1 / 

Investigations of the central cluster and of the light 
Mantle region in the Taurus Littrow valley — whose origination is 
attributed to impacts of ejecta from the crater Tycho — pro- 
duced crater frequencies which agree with the values obtained for 
Tycho. By using radiation age determinations of appropriate 
Apollo 17 samples an absolute dating of Tycho can be performed. 

The comparison of crater frequencies and absolute ages of the 
areas investigated indicate that the flux of impacting bodies 
in -the Earth-Moon system has been nearly constant in the last 

Q 

3 x 10 years. ,The methods of relative dating by using crater 
statistics on the craters Copernaicus, Aristarchus and Tycho, 
were applied to different target surfaces and non-contradictory 
results were obtained. The net resulting integral crater n.fre- 
quencies for D = 1 km are (1.0 ± 0.3) x 10 0 km (Copernicus), 
(.7*5 ± 2.5) x 10~^k'nr 2 (Kepler), (1.2 ± 0.2) x 10“^ km -2 (.-Aristar- 
ehus) and (6.0 ± 1.7) x 10 5 km (Tycho). The age sequence 
agrees with the morphologie-stratographic classifications of . 
these craters. Using the radiometric age of North Ray, Tycho 
and Copernicus;, there— results- ah sei-ute- ages- -for- the- craters- 



Arist arcus and Kepler of (150 ± 125) million years and (790 ± 160) 
million years, respectively. 

Measurements on secondary craters of Aristarchus and 
Copernicus, have shown that the size distribution of the ejecta 
produced — except for an explanable deficit percentage of 
larger particles — agrees with 'the size distribution of bodies 
producing primary craters. These measurements began from 
calculated average impact velocities. The influence of secondary 

i i 

craters on the populations of primary craters was examined and 
a correlation was obtained between relative age and the beginning 
of quantitative contamination by secondary craters. 

Impact experiments performed on a light gas cannon and on 
a 2 MV-van de Graaff dust accelerator showed that over 99 % of 
the ejecta produced in a Basalt crater has velocities less than 
2 km/s in an angle range of ,21° < a < 66° and that the ejected 
mass increased with increasing angle. The size distribution of 
the ejected particles generally follows a percentage law having 
constant exponent in the angle and velocity range [examined * 

(v <200 -'m/s'; 200 ^ v ^ 2000 m/s; v > 2000 m/s).. The results 
obtained were compared with those of other simulation experiments. 
It turns out that the mass and frequency distribution of ejecta 
as a function of the ejection angle appear greatly dependent on 
target material and crater size, whereas the size distribution 
function and the average velocity of ejecta vary only a little 
with the crater size. 



REFERENCES 


1. Albee, A-.L., A. A. Chodos, R.F. Dymek, A.J. Gancarz ,_\DiSl Gold 

man, D. A. _ Papanartassiou and G.J. Wasserburg. Dunlte 
from the Lunar Highlands: Petrography, D'e format ional 
History, Rb-Sr age (abstract). In Lunar Science V, 3. 

The Lunar Science Institute, 1974, Houston. 

2. Alexander, E.C., Jr., 'A. Bates, M.R. Coscio, Jr., J.C. 

Draggon, V.R. Murthy, R.G:. Pepin and T.R. Venkatesan. 

K/Ar Dating of Lunar Soils II. Proc. Lunar Sci. Conf. 

7th, 1976., pp. 625-648. 1 

3- Allen, D.A. Infrared Studies of the Lunar Terrain. The 
Moon, Vol. 2, 1971, pp. 435-462. 

4.. Anderson, A.T. and E.R. Miller. Lunar Orbiter Photo- 
graphic Supporting Data. NASA-GSFC NSSDC, May, 1971, 

71-13. 

5- Apollo 15 - Index of Mapping Camera and Panorama Photographs.. 
NASA-MSC, January, 1972, 

6'.- Apollo 16 - Index of Mapping , and Panorama Photographs. 
NASA-MSC-07251, August, 1972. 

7. Apollo 17 - Index of Mapping Camera and Panorama Camera 

Photographs. NASA-JSC-0864o , November, 1973- 

8. Apollo 15 - Lunar Photography Index Maps. NASA-MSB , March, 

1972. 

9. Apollo 16 - Lunar Photography Index Maps. NASA-MSB, October, 

1972 , 

IQ . Apollo 17 - Lunar Photography Index Maps, NASA-MSB, November, 

1973. : 

11. Apollo 16 - Traverses. NASA Lunar Photomap (1:25000), 

First Edition, Sh 78 D 2 S 2 (25), 1975- 

12. Apollo 17 - Traverses. NASA Lunar Photomap (1:25000), 

First Edition Sh 43 D 1 S 2 (25), 1975. 

13. Arvidson, R., R. Drozd, E. Guinness, G. Hohenberg, C- Morgan, 

R. Morrison and V. Gberbeek. Cosmic Ray Exposure Ages of 
Apollo 17 Samples and the Age of Tycho. Proc. Lunar Sci. 
Conf. 7th, 1976, pp. 2817 - 2832. 


83 



1.4_._ .Baldwin., R.B. The Face of the Moon. University, .o.f 
Chicago Pi>ess, Chicago, Illinois, 1949. 

15. Baldwin, R.B. The Measure of the Moon. University of 

Chicago Press. Chicago, Illinois (1963)- 

16. Baldwin, R.B. On the' History of Lunar Impact Cratering. 

The Absolute Time Scale and the Origin of Plantesimals . 
Icarus, Vol. 14, 1971, pp. 36-52. 

17- Bloch, M.R., H. Fechtig, W. Gentner, G. Neukum and 

E. Schneider. Meteorite Impact Craters, Crater Simulations 
and the Meteorite Flux in the Early Solar; System. Proc. 
Lunar Sci,.Conf. 2nd, 1971, PP* 2639 - 2652. 

18. Boyce, J.M. Ages of Flow Units in the Lunar Nearside Maria 

Based on Lunar Orbiter IV Photographs. Proc. Lunar Sci. 
Conf. 7th, 1976, pp. 2717-2728. 

19. Carlson, R.H. and W.A. Roberts. Mass Distribution and 

Throwout Studies. Project Sedan, P NE- 2 1 7 ..F:^ . JTh e 
Boing Company, Seattle, Washington, |May, 196-3 . | , 

20. Carlson, R.H. and G.D. Jones. Distribution of Ejecta 

from Cratering Explosions in Soils. J. Geopbys . Res. 

Vol. 70, 1975, pp. 1897'- 1910. 

21. Carr, M.H. Geologic Map of the Mare Serenitatis Region of 

the Moon. U.S. Geol. Survey Misc. Geol. Inv. Map 1-489, 
L966. 

22. Chao, E.C.T. Impact Cratering Models and their Application 

to Lunar Studies - a Geologist's View. Proc,— Lunar Sci. 
Conf. 5th, 1974, pp. 35-52. 

23* Dohnanyi, J.S. Collisional Model of Asteroids and their 
Debris. J. Geophys . Res., Vol. 74, 1969, PP* 2531-2554. 

24. Doyle, F.ji Photogrammetric Analysis of Apollo 15 Records. 
NASA SP-289, 1972, p. 25. 

25- Drozd, R.J., C.M. Hohenberg, C.J. Morgan and C. Ralston. 

Cosmic-Ray Exposure History of the Apollo 16 and other 
. Lunar Sites. Lunar Surface Dynamics. Geocbim. Cosmochim. 

. Acta, Vol. 38, 1974, pp. 1625-1642. 

26. Eberhardt, P., J. Geiss, J. Grogler and A. Stettler. 

How-Old is the Crater Copernicus? The Moon-, Vol. 8-, 1973, 
pp. 104-114. 


84 



27 . 


Eichhorn, G ' Investigations of Light Emissions bn High- 
Velocity Impacts. Dissertation, University of "'Heidelberg, 
1974. 

28. Fechtig, H., J. B. Hartung, R. Nagel and G. Neukum. Lunar 

Microcrater Studies, derived Meteoroid Fluxes and Compari- 
son with Sateriite-Borne Experiments . ~ Proc. Lunar Sci. 
Conf. 5th, 1974, pp.. 246-3 - 2474. 

29. Gault, D.E . and E.D. Heitowit . The Partition of Energy for 

Hypervelocity Impact Craters formed in Track. 'Symposium 
on Hypervelocity Impact, 6 th, Cleveland, Ohio, 

April 30,- May 2, 1963. Proc., Vol. 2, Pt . 2, 1963, 
pp. 4l9-’4'56v. 1 

30. Gault, D.E. Shoemaker, E.M. and H.J. Moore. Spray Ejected 

from the Lunar Surface by' Meteoroid Impact. NASA Tech. 

Note D-1767, Washington D.C. 1963. 

31. Gault, D.E. Saturation and Equilibrium Conditions for 

Impact Cratering on the Lunar Surface. Criteria and 
Implications. Radio Science, Vol. 5, 1970, pp. 273-291. 

32. Gilbert, G.K. The Moon’s Face. Bull. Phil. Soc . Wash., 

Vol. 12, 1893, P- 241. 

33. Greeley, R. and D.E. Gault. Precision Size-Frequency Distri r 

butions of Craters for 12 Selected Areas of the Lunar 
Surface. The Moon, Voir... 2 , 1970, pp. 10 - 77v. 

34. Greeley, R. and D.E. Gault.. Endogenetic Craters Interpreted 

from Crater Counts on the Inner Wall of Copernicus. 

Science, Vol. 171 , 1971, pp. 477-479. 

35. Green, J. A Large-Scale Surface Pattern Associated with 

the Ejecta Blanket and Rays of Copernicus. J. Geophys. 
Research, Vol. 76 , 1965 , PP- 5719-5731- 

36. Guest, J.E : . Stratigraphy of Ejecta from the Lunar Grater 

Aristarchus. Geol. Soc. America Bull., Vol. 84, 1973, 
pp. 2873 - 2894. 

37- Hackman, R.J. Geologic Map of the Kepler Region of the 
Moon. U.S. Geol. Survey Misc. Geol. Inv. Map 1-355, 

. 1962 . 

38 . Hansen, Th. P. Guide to Lunar Orbiter Photographs. 

NASA -S P-24 2, 1970. 

39- Hartmann, W.K. Terrestrial and Lunar Flux of Large Meteor- 
ites in the Last Two Billion Years. Icarus, Vol. 4, 1965, 

7 pp . T57-T65“" - " “ 


85 



40. Hartmann 3 W.K. Lunar Crater Counts. VI: The Young Craters 

Tycho, Aristarchus and Copernicus. Commun. Lunar 
Planet. Lab. Ariz. No. 119, 1968, pp. 145-156. 

41. Hartmann, W.K. Paleocratering of the Moon. Review of 

Post-Apollo. Data.. .. Astrophys. Space Sci..,. Vo.l . 17, 1972, 
pp. 48 - 64. 

42. Hartmann, W.K. and C.A. Wood. Moon: Originaand Evolution of 

Multi-Ring Basins. The Moon, Vol. 3, 1971, pp. 3 - 78. 

43. Hawkins, G.S, and E.K.L. Upton. The Influx Rate of Meteors 

in the Earth's Atmosphere. Astrophys. J., Vol. 128, 1958, 
pp. 727-735. 

44. Howard, K.A. Avalanche Mode of Motion - Implication from 

Lunar Samples. Science, Vol. 180, 1973, pp. 1052 - 1055- 

45. Jessberger, uE.K., J.C. Huneke and G.J. Wasserburg. Evidence 

for a 4. 5 . Aeon Age of Plagioclase Clasts In a Lunar 
Highland Breccia. Nature, Vol. 248, 1974, pp. 199-202. 

46. Kirsten, T. and P. Horn. Chronology of the Taurus 

Lithrow Region III - Aves of Mare Basalts and Highland 
Breccias and some Remarks about the Interpretation of 
■ Lunar Highland Rock Ages. Proc . Lunar Sci. Conf. 5th, 

. 1974, pp. 1451 - 1475. 

47. Konig, B. Investigations of Impact Structures on Planetary 

Surfaces. Diplomarbeit , University of Heidelberg, 1974. 

48. Konig, B. and G . Neukum. Relative Ages of Eratosthenian 

and Copernican Craters. Published in: The Moon, 1977- 

49. Kuiper, G.B. Proc. Nat. Acad. Sci., Vol. 40, 1954, p. 1096. 

50. Lindblad, A.B. Luminosity Function of Sporadic Meteors 

and Extrapolation of the Influx Rate to the Micrometeorite 
Region. 1 Smithson. Contrib . Astrophys., Vol. 11, 1967 , 

pp. 171-180. 

51. Lucchitta, B.K. Tycho and the Apollo 17 Landing Site (ab- 

stract). EOS (Trans. Amer. Geophys. Union), Vol. 56 , 

1975, p. 389. 

52. - Lucchitta, B.K. and A.G. Sanchez. Crater Studies in the 

Apollo 17 Region. Proc. Lunar Sci. Conf. 6th, 1975, 

. pp,., 2427 - 2441. . 


86 



53. Marti, K. , B.D. Lightner and T.-W. Olson, Krypton- Xenon in 

'tlle~L U riar Samples and the : Age of North Ray ’Crater 7 Pro cl 
Lunar Sci. Conf. 4th, 1973, pp. 2037 -2048. 

54. Moore, H.J. Missile Impact (Craters (White Sands Missile 

Range, New Mexi co) and Applications to Lunar Research. 

• U.S. Geol. Purvey ’Prof.' Paper Tl2-B/"B‘ 1-43 , 1976. 

55- Muehlberger, W.R., R.M. Batson, EvA. Cernan, V.L. Freeman, i 
M.H. Halt, H..E. Hol5, K.A. Howard, E.D. Jackson, K.B. Larson, 
V.S.. Reed, J.J. Rennllson,; H.H. Schmitt, D.H. Scott, 

R.'L. Sutton, D. Stuart -Alexander , G.A. Swann, N.J. Trask, 

G.E. Ulri.ch, 'H.G. Wilshirei and E.W. Wolfe., Preliminary 
Geologie'ilnvestigation of the Apollo 17 Landing Site, 1973. 

56. NASA Lunar Chart LAC 39 y 196(3. 

57. NASA Lunar Topographic Map, Orbit er V-Site,48, 1972. 

58 . Neukum, G, Investigations of Projectile Material in 

Microcraters. Diplomarbeit , University of Heidelberg, 

. 1969. 

59- Neukum, G. Unpublished Data,. 1976. 

60- .- Neukum, G., B. Konig, H. Fe-chti-g and D. Storser. Cratering- 

in the Earth-Moon System: 'Consequences for age Determination 
.by Crater Counting. Proc, Lunar Sci. Conf.' 6th, 1975a, pp.’ 
2597-2620. 

61. Neukum, G., R: Konig, and J.- Arkani-Hamed. A Study of Lunar 

Impact Crater Size-Distributions. The Moon, Vol. 12, 

1975b, pp. 201-229- 

62. Neukum, G. and H. Dietzel. On the Development of the Crater 

Population on the Moon with Time under Meteoroid and Solar 
Wind Bombardment. Earth Planet. Sci. Letters, Vol. 12, 

1971, pp. 59 - 66. 

j, 1 

63- Neukum, G. and P. Horn. Effects of Lava Flows on Lunar 

Crater Populations. The Moon, Vol. 15, 1976, pp. 205-222. 

1 

64- Neukum, G. and B. KSnig. Dating of Individual Lunar Craters, 
s . P.roc. Lunar Sci. 7th, 1976, pp. 2867 - 288l. 

65 . Oberbeck, V.R. A Mechanism for the Production of Lunar 
Crater Rays; The Moon, Vol. 2, 1971, ppi 1263-278. 


\ 


87 



' \, 6 . 6 . £>ber.be.ck-,._V.R. and R.H. Morrison. . On the Formation of the. _ 

Lunar Herringbone Pattern'. Proc. Lunar Sci. Conf. 4th, 

1973a, pp. 107 - 123- 

, 67 . Oberbeck, Y.R. and R.H. Morrison. The Lunar Herringbone 
Pattern ...—-In- -Apollo--l-7— Pre-l-imi-nar-y--Sci-.- -Report , NASA 
SP-330, 1973b, 32-15 to 32-J-29. 

68. Oberbeck, V.R., F. Horz, R.H. Morrison, W.L. Quaide and 

D. E. Gault. On the Origin of the Lunar Smooth-Plains. 

The Moon, Vol. 12, 1975, pp. 19-54. 

69 . Offield, Ti.W. and H.A. Pohn. Lunar Crater .Morphology and 

Relative 1 [Agej Determination of Lunar Geologic Units. 

Part 2. Applications U. S. Geol. Survey Prof. Paper 
700-C, C 163-C 169, 191X0.3 

■ 1 

70. Opik, E.J. Research on the, Physical Theory of Meteor 

Phenomena. I: Theory of 1 the Formation of Lunar Craters. 

II; The Possible Consequences of the Collisions of 
Meteors in Space. Acta et Comm. Univ. Tartuensls, 

XXX, 1, 1936. j 

?1. Bpik, E.J. 'Surface Properties of the Moon. Progress in 
. the Astronautical Sciences, 'Ed. S.F. Singer, Vol. 1, 

. North-Holland Amsterdam", 3r9’6'2, p. 219- 

72.. Pettengill, G.H. and T.W. Thompson. A Radar Study of the 
Lunar Crater Tycho at 3.-8-em and 70-cm Wavelengths. 

Icarus, Vol. 8 , 1968 , pp. 457-471, 

73. Pohn, H.A. and T.W. Offield. Lunar Crater Morphology and 

Relative-Age Determination of Lunar Geologic Units - 
1 Part 1. Classification. U.S. Geol. Survey Prof. Paper, 

700-C, C 153-C, 1970, p. 162 

74. Roberts, W.A. Secondary Craters'. Icarus, Vol. 3, 1964, 

pp. 348-364. 

< ' 1 

,75* Rudolf, V. Investigations of Craters of Micro-Projectiles 1 

in the Velocity Range of 0.5 - 10 km/s. Z. f. Naturfors chung, 
Vol. 24a, 1969, pp. 326-331'. 

76. Schneider, E. Micro-Craters on the Lunar Surface and their 
Simulation in th e Laboratory. Dissertation, Universitat 
Heidelberg 1 , 197 2..1 

77".:* c Schneider 5 =- E . Impact Ejecta Exceeding Lunar- j E-s cape — ~ 

Velocity. The Moon, Vol. : 13, 1975, pp. 173-184. 

( 

! 78. Shoemaker, J E.M . Bal lis tics • of the Copernican Ray System. 

Pr o cl Lunar and' 'Planet ary C'oTloql,' 'Toll ' 2 , 'NoT”2V T9’6 01 


88 



79'- ‘Shoemaker , E7M . ‘RVJ. 'Hackman and ‘ R . E . Eggle t on . Xnt er- 

pTanetary Correlation of Geologic Time. Adv. Astronaut. 
Sci., Yol. .8, 1962, pp. 70-89. 

80. Shoemaker, E.M. Preliminary Analysis of the Pine Structure 

of the Lunar Surface in Mare Cognitum. In "The Nature of 
the Lunar' ’SurT ce"",” 'John Hopkins 'Press, Baltimore, 1965, 

pp. 23 - 77. 

81. Shoemaker, E.M., R.M. Batson, A.L. Bean, C. Conrad, Jr., 

D.H. Dahlem, E.N. Goddard, M.'H. Hart, K.B. Larson, 

G.G. Schaber, D.L. Schleicher, R.L. Sutton, G.A. Swann 
■pal and A.C, Waters. Preliminary Geologic Investigation 

of the Apollo 12 Landing Site, Part A: G'eology of the 

Apollo 12 Landing Site. In Apollo 12 Preliminary Sei. 
Report, NASA-SP-235, 1970, pp . 1-13 to 1 - 56. 

82. Shoemaker, E.M. and E.P. Helin. Systematic Search for 

Planet Crossing Asteroids and the Estimation of Impact 
Crater on the Terrestrial Planets. NASA TM X-3364, 1976, 

. pp. 18 - 22. 

83- Silver, L.T. U-Th-Pb Isotopic Systems in Apollo 11 and 12 
Regolith Materials and a Possible Age for the Copernicus 
Event. EOS (Trans. Am. Geophys. Union), Vol. 52, 

1971, p. 534. 

84. Soderblom, L.A. and L.A. Lebovsky. Technique for Rapid 

Determination of Relative Ages of Lunar Areas from Orbital 
Photography. J. Geophys. Res, Volf... 77, 1972, pp . 279-296. 

85- Soderblom, L.A., C.D. Condit, R.A. West, B.M.- Hermann and 
T. J . Kreidler. Martian Planetwide Crater Distributions; 
Implications for Geologic History and Surface Processes. 
Icarus, Vol. 22, 1974, pp., 239-263. 

86. Stettler, A., P. Eberhardt, J. Geiss, N. Grogler and P. 

Maurer. 39Ar-40Ar Ages and 37Ar-38Ar Exposure Ages of 
Lunar Rocks. Proc. Lunar ;Sci. Conf. 4th, 1973, pp. 1865 - 
1888. 

87. Stoffler, D., D.E . Gault, J. Wedekind and G. Polkowski. 

Experimental Hypervelocity Impact into Quartz Sand. 

. Distribution and Shock Metamorphism of Ejecta. J. Geophys. 
Res. 1975, Vol. 80, pp. 40:62-4077. 

88. Strom, R.G. and G. Fielder. Multiphase Development of 

the Lunar Crater Tycho. Nature, Vol. 217, 1968, pp. 611 - 
6X5 . 


89 



8,9 - Tera,, F._,_ D.A. Papanastassiou and G.JV Wasserb.ur.g-- _ Js,o topic 

Evidence for a Terminal Lunar Cataclysm. Earth Planet. 

Sci. Lett., Vol. 22, 1974, pp . 1-21. 

90. Trask, N.W. Size and Spatial Distribution of Craters 

Estimated .from. ..Range n.-.Eho.togr-apbs J.e.t. P.ropuls. Lab . 

Tech. Hep. 32-800, Pasadena, California, 1966, pp. 252 - 



262. 






91* 

Turner, G. 
Planet . 

j40Ar 

Sci. 

-39Ar] Ages 
Lett. Vol. 

from the Lunar Maria. Earth 
11, 1971, PP* 169 - 191. 

92. 

Urey, H.C. 
1952. 

The 

r 

Planets . 

Yale 

University Press, New 

Haven , 

93* 

Wetherill, 

G.W. 

Where do 

the 

Meteorites Come Prom? 

A 


Re-Evaluation of the Earth-Crossing Apollo Objects as 
. Sources of Chondritic Meteorites. Geochim. Cosmochim. 

3 Cosmochim. Acta, Vol. 40, 1976, pp. 1297 - 1317- 

94. Wilhelms, D.E. and J.E. McCauley. U.S. Geol. Survey Misc. 

Geol. Inv. Maps 1-703, 1971- 

95. Wolfe, E.W., B.K. Lucchitta, V.S. Reed, G.E. Ulrich and 

A.G. Sanchez. Geology of the Taurus-Littrow Valley 
Floor. Proc. Lunar Sci.' "Conf. 6th, 1975, PP* 2463-2482'. 


90 



VIII . APPENDIX 


The tables of measurement data are arranged according to the 
[goal | of the investigation They are always assembled according to 
the same scheme. This is explained below: 

Scheme of the Table 


A - ■ ar 

s 6 

i 


X * 


Explanation: a 

i ot Measurement region (particle type examined) 

l 

1 ft Terrain type (enlargement used) 

1 £ ‘ Picture number (n)* s (target number) 

<f Total number of measured craters (impact structures) 
i £ 1 Surface [km 2 ] ([cm 2 ]( 

' <7 Diameter [km] ( [mm]) f 

% N(D) = number of craters (impact structures) of diameters 

< 

- D / surface. 

A 

AN = error in N, which results from the statistic variation 


The designations in parenthesis are for the experimental data. 
Both picture numbers are cited for stereoscopic measurements. 
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Expansion of the size distribution curve of primary impact 
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